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PREFACE TO FIRST EDITION. 


_ Tr is now ten years since the appearance of the Graphical 
Statics of Culmann,* during which time the method has beer 
greatly extended in its applications, and has met with such 
acceptance that there is now scarcely a Polytechnikum in Ger- 
many where it is not a prominent feature in the regular course 
of instruction. 

This rapid spread of a new discipline is the more remarkable 
when we consider the obstacles which it encountered, Cul: 
mann, with a boldness which we might almost term rash, based 
his development upon the modern geometry of von Staudt, and 
assumed in his readers a familiarity with this very terse presen- 
tation of a subject then, as indeed now, but little known, and 
. which, therefore, but few possessed. To practical engineers, 
therefore, to whom his methods specially recommended them- 
selves, his presentation of those methods was almost unintelli- 
gible. 

At a time when the students of the Ziirich Polytechnic were 
already overburdened, the new discipline was introduced ; while, 
owing to want of familiarity with the fundamental principles 
premised, they were unable to understand his lectures or read 
his work, Yet such was the intrinsic value of thé new method 
that, notwithstanding these obstacles, even in spite of them, it 
made rapid headway; found friends everywhere ; crept into 
other departments of the Polytechnic; and finally the aim of 
Culmann was completely attained when the modern geometry 
was itself introduced, and a special lecturer in that branch ap- 
pointed. Thus, as a direct result of the Graphical Statics of 
Culmann, appeared the first and, till now, only complete text- 
book upon the modern geometry, viz., Reye’s “ Geometrie der 
Lage,’ Hannover, 1868. Since then, hand in hand and with 
remarkable rapidity, these two studies have made their way, 


* Die Graphisohe Statik, Qulmann, Ziirich, 1866, Second Edition, Ist 
vol., 1875. 
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until, as already remarked, they now form a notable feature in 
the course of every technical institution in the land. 

The acceptance which the method has found in France, and 
the attention which it has there excited, is sufficiently indicated 
by the work of Levy (La Statigue Graphique et ses Applica- 
tions, Paris, 1874), which contains a very clear and elegant 
presentation of the principles, though the applications are of 
the simplest character, while, as was perhaps not unnatural in 
the author, the German origin of the system is very imper- 
fectly indicated, and the special methods of Culmann but little 
more than hinted at. 

In Italy also the method has found an ardent éxpounder in 
the distinguished mathematician Cremona (Le. figure recip- 
roche nelle statica grafica, Milan, 1872), and to his efforts and 
labors its introduction and acceptance is due. 


In England, Prof. Clerk Maxwell, in the Trans. of the Royal 


Society of Edinburgh, 1869-70, has contributed a paper upon 
“ Reciprocal Figures, Frames and Diagrams of Forces,” and, 
among others, Jenkin, Ranken, Bow, and Urwin have contrib- 
uted to the popularity and spread of ‘ Maxwell’s Method.” 


Maxwell and his followers give, however, only the very simplest ~ 


applications, based upon the resolution and composition of 
forces, such as will be found in our first chapter. The entire 
system developed by Culmann, the properties of the “ equilib- 
rium polygon,” upon which the fruitfulness and value of the 
graphical statics wholly depend, are unnoticed both by our 
English and French authors. 

The author feels, therefore, that no apologies are needed for 
the present work. Whatever its shortcomings and defects, he 
claims at least the honor of making the first attempt to intro- 
duce among American Colleges and American Engineers a 
knowledge of a subject of approved interest and practical value 
to both, whether regarded as a geometrical discipline or as a 
most efficient aid in investigations of stability. Nor is he with- 
out hope that the next ten years may find the method as uni- 
versally accepted at home as now abroad. 

The same difficulties certainly have not here to be encoun- 


tered. The subject as here presented requires only a knowl- 


edge of the elements of geometry as universally taught, and 


can thus be readily introduced into our schools as well as read ' 


by those practical engineers for whose benefit the method 


> 
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seems so especially designed. A subject of such importance, 
which has already endured successfully so severe a test, and 
made headway against such obstacles, we cannot certainly af- 
ford any longer to ignore, and it is hoped that the present 
-work may serve to excite a more general interest in the method. 

For the practical engineer, the importance of graphical 
methods needs, indeed, to-day no demonstration. Such methods 
are everywhere in use. But a simple and general system 
which shall include all special solutions—the development of 
the few principles upon which all such solutions are based, and 
from which they all flow—is at least in this country unknown. 
Eyen in English literature there is to be found little more than 
the very elementary deductions of our first chapter, so that it 
may justly be said that the entire method owes its existence 
and development to the labors of German scholars and the en- 
lightened appreciation of German engineers. How thorough 
have been these labors, how widespread this appreciation, and 
how various are the applications of the method itself, the reader 
may gather from the Introduction to this work, and from the 
appended lst of literature upon the subject. A glance at this 
list will also show that the selection of what was of most value, 
and the omission of those applications of minor importance, 
necessary to bring the present work within reasonable limits, ° 
and at the same time preserve the logical unity and complete- 
ness of the whole, was not the least difficult portion of our 
task. It would, indeed, have been easy to have given the work 
twice its present dimensions, though without a corresponding 
increase in value sufticient to justify the additional cost. As 
it is, no application of real and practical value to the engineer 
strictly deducible from the graphical statics has been over- 
looked, and discrimination has been chiefly exercised in those 
departments where graphical and analytical processes are still 
of necessity combined. Here we have selected only those cases 
where such union shows itself most advantageous, and the 
graphical constructions most simplify, illustrate, or interpret 
the purely analytical process, and where such cases, moreover, 
presented a useful, practical, and not merely theoretical value. — 

As to the plan of the work, a word of explanation is neces- 
sary. We have endeavored to keep always in view the re- 
quirements of both students and practitioners, of technical 
schools and practical engineers, and thus to combine a text- 
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book for school instraction, and a book of reference and manual 
for practice as well. The attempt is a difficult, if not a dan- 
gerous one, and one which, in other departments, has met with 
more failure than success. If we venture to indulge a hope that 
in this case at least partial success has been attained, and that 
the attempt to occupy the two stools at once has not been dis- 
astrous, our belief is due to the nature of the subject itself, 
and not to any overweening estimate of our own abilities to 
succeed where so many have failed. The subject seems, indeed, 
especially suited to such a method of treatment. In fact, no 
other would appear at this period to properly meet the necessi- 
ties of the case. Its geometrical principles are simple, its ap- 
plications eminently practical. To present the principles alone 
would bé to deprive the study of its chief interest and attrac- 
tion. To rest content with a few practical applications would 


be to sacrifice, in a great measure, system and clearness of pre- 


sentation. In the accomplishment of our double task we are 
fortunate to have had at our disposal such works as those of 
Bauschinger in the one, and Culmann in the other direction. 
Our obligations to both authors are great, and are fully indi- 
cated in the text. Thesame acknowledgment is due, in greater 
or less degree, to Mohr and Winkler, Ritter and Reuleaua. In 
every case where such assistance has been received, due ac- 
knowledgment has been made. 

For the historical and critical Introduction, we are indebted, 
with few alterations, to the pen of Weyrauch.* It will, we are 
sure, prove of value to the student, and serve to awaken an in- 
terest in those highly important developments which geometry 
has within the last decade undergone. 

Thus collecting in a connected form the scattered results and 
researches of various authors, it has been a pleasurable duty to 
recognize the labors of those men who have chiefly contributed 
to this new branch of geometrical statics, and to whom our own 
obligations are so great. While thus crediting fully that which 
others have done, we have felt the more justified in calling at- 
tention to any deviations of our own. We have especially 
sought to extend the application of the method by resolution of 
Sorces (known best, perhaps, as Maawell’s Method )}—a method 


* Ueber die graphische Statik—eur Orientirung. Von Dr. phil. Jacob J. 
Weyrauch, Privat docent an der polytechnischen schule zu Stuttgart. Leipzig, 
1874. 
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which bids fair to obtain widespread recognition, in diree- 
tions in which it has hitherto been supposed of little service. 
This often, indeed, by the aid of analytical results, we have 
been enabled to do, and not, as we conceive, without a degree 
of success. The formule used are always simple and of ready 
application, and this union of analytical results and graphical 
processes the practical engineer will, we think, find of value. 
Thus, in the braced arch (Chap. XIV.) and continuous guder 
(Chap. XII.) new constructions will be found, and both these 
important and difficult cases may thus be solved with an ease, 
completeness and accuracy far superior to that of the pure 
graphical method itself. Those acquainted with the analytical 
investigation of the “braced arch,” as contained in Capt. Eads’ 
Report to the Ill. and St. Louis Bridge Co., May, 1868 (App.), 
will not, we feel sure, be slow to recognize the advantages of 
the present method. The subject in its present state is thus 
fairly brought within the reach of the practical Engineer and 
Constructor. 

To.simple girders, contrary to usually received opinions, by 
the means of apex loads, the above method applies directly, and 
without the aid of analytical results—a fact which has been too 
generally passed over without sufficient notice by writers upon 
the subject. 

We have devoted considerable space to the subject of the 
continuous girder, but not, we feel sure, more than its impor- 
tance demands. The subject deserves more attention at the 
hands of the practical engineer and constructor than it has 
hitherto received. That the present indifference upon the sub- 
ject is due chiefly to lack of information can hardly be doubted, 
when the opinion is current, and is even endorsed by those who 
are considered as authorities, that the complete solution of the 
problem is “ probably impossible by reason of its complexity,” 
and “too complex for mathematical investigation.” * Opin- 
ions like these are best met by the complete solutions of par- 
ticular examples, and in Chapter XII. will be found the com- 
plete calculation and tabulation of the strains in every piece 
due to every apex load, for the central span of seven continu- 
ous successive spans, and, as far as any inherent difficulties are 
concerned, we might as well have taken 50 or 100 spans. 


* Graphical Method for the Analysis of Bridge Trusses, Greene. 
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When engineers shall have become convinced of the fact that 
there is in the continuous girder a theoretical saving of mate- 
rial amounting usually to from 25 to 30 per cent. per truss, and 


in the extreme case even reaching as high as 50 per cent., as | 


compared with the simple girder; and that the main objection 
which can be urged—viz., the influence of small variations in 
level of the supports—has, when properly considered, no force 
whatever, we shall probably hear less often of designs contem- 
plating many successive and independent spans of considerable 
length—such as, for instance, for a bridge over the Hudson at 
Poughkeepsie, consisting of five separate spans of 525 ft. each. 

The present work contains the only complete graphical and 
analytical presentation of this subject in English professional 
literature, and should it succeed in directing more general 
attention to what has been done, will not have been in vain. 


Almost the whole of Chap. XIII. is entirely new and consti- 


tutes an important advance in the treatment of the subject. 
Those acquainted with the old method will, we think, be pleased 
with the simplicity and comprehensiveness of the new formule. 

By their aid, indeed, we can solve with ease problems which 
could hardly be attempted otherwise. In this connection the 
list of literature upon the continuous girder appended to Chap. 
XIII. may also be of service. 

We notice with pleasure in this direction the admirable little 
treatise of Clemens Herschel, O.L., wpon draw spans.* This 
subject is at least of admitted practical value, and we have 
treated it with a fullness which, in our opinion, leaves little to 
be desired. We have borrowed from the above work the con- 
ception of the “Zipper,” or draw with secondary span, which 
is both new and, as it would seem, most adequately represents 
the true state of the case, and alluded to the idea, also original 
with Mr. Herschel, of weighing off the reactions at the supports 
of a continuous girder, instead of measuring the differences of 
level. In this case, as in that of the continuous girder gene- 
rally, we have clearly brought out the method of calculation by 
apex weights, and here, indeed, lies the whole secret of thorough 
practical solution. In fact, from this point of view, the com- 
plete solution of a continuous girder for any number of spans, 


* Continuous, Revolving Drawbridges. Little, Brown and Company, Bos- 
ton, 1875. 
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equal or unequal, offers no more essential difficulty than the 
calculation of so many separate simple girders. That this is 
not exaggeration, but accurate statement of fact, a perusal of 
Chaps. XII. and XIII. will suffice to prove. 

We cannot leave this part of the subject without acknowledg- 
ing our indebtedness to Mansfield Merriman, C.E., Assistant in 
Engineering in the Sheffield Scientific School of Yale College, 
for the formule of the latter chapter. J/r. Merriman has 
done for the practical solution of the continuous girder what 
Weyrauch has for its theoretical discussion. We refer the 
student to the Supplement to Chap. XIII. for a specimen of 
his method of discussion. His formule are simple, entirely 
free, even in general form, from integrals, and are given in just 
the shape required in practice. .This compactness renders it 
possible for the engineer to enter upon a couple of pages of his 
note-book al/ the formulee required for the thorough calculation 
of a continuous girder of any number of spans, equal or un- 
equal; and this calculation in any particular case proceeds in 
a manner precisely similar to that of the simple girder, directly 
and without reference to authorities, tables, points of inflection, 
elastic line, methods of loading, or any of the “ other parapher- 
nalia with which the subject is usually encumbered.” 

It will be observed that here and throughout we have no- 
where left out of sight analytical processes or methods. The 
reader who considers the present work as an attempt to super- 
sede, or even subordinate analytical investigation, misjudges 
entirely our aim. So far from this, we indulge the hope that 
its perusal cannot fail to render familiar the use of both 
methods, to bring out their points of difference and relative 
advantages, to illustrate the one by the other, to enable the 
reader to check the results of the one by the other, and in any 
case apply one or both, or a judicious combination of both, as 
may in such case be most advantageous or desirable. This will 
be especially noticed in the discussion of the simple and con- 
tinuous girder and of the braced arch. (Chaps. XII, XIII, 
XIV. and XVL., and Appendix.) 

As to the use of the work, the practical engineer will find in 
Chap. I., and that portion of the Appendix relating to this 
chapter, an easy and simple method of solution applicable to 
any framed structure having simple reactions, and including 
thus all varieties of bridge and roof trusses of single span. In 
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the Appendix he will find detailed examples calculated to iltus- 
trate every practical point of importance, and also a full expo- 
sition of Jitter’s “ method of moments.” The principles of 
this chapter alone will enable him to solve readily, both by cal- 
culation and diagram, every case usually arising in practice. 
In problems involving the moment of inertia of areas in the 
ease of the continuous girder, the braced arch and stone arch, 
as also the suspension system, he will find Chaps. VL, XIL, 
XIIL., XIV. and XVI. of value, and in the perusal of any or 
all of these he will, it is hoped, find no trouble by reason of 
logical connection with preceding principles. They are in this 
respect, as far as possible, complete in themselves. We may 
also call his attention to Chap. XV., upon the stone arch, 
though it is to be regretted that the practical importance of the 
subject in the present age of iron renders the ease with which 
it is graphically treated of less importance than formerly. For 
his benefit also frequent practical examples are given in detail, 
so that in all important applications he can easily select a 
parallel case, and follow it out, step by step, in the case in 
hand, without studying up the whole process of development 
in order to place himself in a condition to make use of the 
methods employed. In regard to the subject of the endurance 
of iron, the student is referred to the author’s translation of the 
work, by Prof. Jacob J. Weyrauch already alluded to, of the 
Polytechnic School in Stuttgart, issued by the publishers of 
“Graphical Statics.” Weyrauch’s book treats of the strength, 
dimensions, and calculations of iron and steel, and being thor- 
oughly practical, is heartily commended to the student, and 
the profession of engineers generally. 

For the student much of the practical applications may well 
be at first omitted. Notably Chaps. VII—XIL., inclusive. 
Chaps. I-IV. and XIII.-XVI. will put him in eonnplets pos- 
session of the method, and, moreover, enable him to solve with 
ease any structure, including the continuous girder, braced 
arch, suspension system, and stone arch, as well as all the more 
ordinary forms of bridge and roof trusses, cranes, etc. Indeed, 
if the first-named structures, which are of comparatively rare 
occurrence, are at first omitted, Chaps. I-IV. alone will con- 
stitute a complete course upon framed structures so far as 
usually tanght in our schools at the present day. Afterwards, 
in practice, and in the solution. of the particular problems 
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treated of, he will, in common with the practical engineer, find 
in the other portions of the work and in the Appendix just 
such assistance as he needs. We would also call the attention 
of the mathematician more especially to the investigation in 
Chap. V., Arts. 47-51, of the effects of a given recurring system 
of moving loads, the analytical treatment of which would be 
almost impracticable by reason of the complexity of the for- 
mule obtained, and in this respect certainly worthless, even if 
possible, but the geometrical treatment of which gives rise to 
some of the most elegant constructions of the graphical statics; - 
also to the Supplements to Chaps. XIIL and XIV., in which 
the analytical treatment of the continuous girder and braced 
arch is given. 

Finally, if our purpose in writing these pages is accom- 
plished, the principles and methods here set forth will be found 
easily acquired, accurate in their results, and amply sufficient 
for the ready determination of the strains in the various pieces 
of any framed structure which the civil engineer can legiti- 
mately be called upon to design. 

With this much of introduction and explanation, we present 
our work to the engineering profession in America and to 
American technical colleges, in the hope that the spirit which 
has led to its production, if not the method of its execution, 
may win for it a favorable reception. 

In this spirit and in this hope we may, we trust, be allowed 
to appropriate the closing lines of Culmann’s preface—* Und 
nun fahre hin—gern hitte ich dich zum Fundament einer auf 
wissenschaftlicherer. Basis gegriimdeten Ingenieurkunde ge- 
macht, allein kawm darf ich die Hoffnung hegen, so viel Kraft 
in mir zu jinden, wm das Ganze dieses umfangreichen Faches 
umzuarbeiten : dast ist ein Werk, das mir vor Augen schwebt, 
wie einer jener alten mittelalterlichen Dome sich vor dem 
Kiinstler erhob, der ihn entwarf und der der Hoffnung sich 
nicht hingeben konnte, thn je in seiner Vollendung zu schaucn- 

“ Doch es mégen dich Andere benutzen und weiter bauen,” 
und was ich nicht kann, werden meine Nachginger voll- 
bringen. 


New Haven, April 17th, 1875. 
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Tue present Edition of this work has undergone careful re- 
vision and correction, and no pains have been spared to render 
it free from typographical errors, and worthy of the very cor- 
dial reception it has thus far met with. For this reception the 
Author would express his gratitude both to the Profession and 
to the faculties of the several colleges who have already adopted 
it as a Text Book. 

To these and others who may examine it with a view to in- 
troduction, a word or two may be allowed us. 

The work was not intended to be read through im sequence 
by any class, but must be used with reference to the degree of 
preparation of the students, to the time at disposal, and to the 
relative importance and relation of the various subjects treated. 
The logical order of presentation requires a certain order in the 
development of the subject as a whole, but it by no means fol- 
lows that this order should be preserved by the student, or that 
he should be acquainted with the whole. In fact, some of the 
subjects treated of are best taken up by the student at a later 
period, when better prepared for their comprehension ; others 
are best omitted at least in the first reading, and others again 
may even be omitted entirely as of minor importance, and the 
student left to pursue them for himself, as taste or the exigen- 
cies of practice may demand. In this latter respect, as well as 
in the completeness with which the several topics are discussed, 
the work is intended to serve as a book of reference. As a 
Text Book, it is designed to teach those students possessing the 
knowledge of mathematics and mechanics usual to the senior 
classes in our technical schools and colleges, how to jind the 
conditions of stability in every kind of structure of common 
occurrence ; and this not alone by graphical construction, but 
also by calculation as well. Structures of less common ogcur- 
rence may or may not be then taken up, according to the 
ability of the class and the time at disposal. With the above 


end in view, the teacher will find it not merely desirable but 
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even essential to depart from the plan of the work as laid 
down, and to supplement it largely by various examples illus- 
trative of the general principles and bringing out as clearly and 
repeatedly as may be necessary the various points noticed in 
the text. 

In the work four separate and distinct methods of solution 
are given for such structures as bridge and roof trusses, and the 
student should become familiar with all. Thus there are two 
methods by diagram, viz., by resolution of forces (J/aawell) and 
by the equilibrium polygon (Culmann); and two correspond- 
_ ing methods by calculation, viz., by composition and resolution 
of forces, and by moments (/i¢ter). To give these in such 
manner and with such emphasis that the student shall be con- 
versant with all, and able to use them with discrimination 
where in any case they best apply, we recommend the follow- 
ing order of perusal : 

First. Chap. L., which gives the first. method by diagram 
(Maawell’s), and such of the Appendix as relates to this chap- 
ter, is read. The class may then go into the drawing-room, 
and under the supervision of the teacher actually solve a vari- 
ety of roof trusses from simple to more complex, both for dead 
load and wind force in each case. In each and every case also 
the results should be checked by calculation by the method of 
moments (/¢7¢éer’s), at first thoroughly and in detail, and after- 
wards only a few test pieces to check the accuracy of the dia- 
gram. From Roof Trusses we then pass on to Bridges, and 
here also aseries of selected examples of every class used in 
practice may be solved, and the method of tabulation of apex 
weights referred to in Art. 12 and Appendix to Chap. I., brought 
out repeatedly until the student has thoroughly mastered it, 
and appreciates fully the fact that for each form of truss the 
strains due to only two weights are really necessary to be found, 
and that the others may then readily be found directly from 
these. Here also each example should be checked by calcula- 
tion by the method of moments. In the case of curved flanges 
the various lever arms may first be measured directly to scale 
from the frame, and then trigonometrically computed. At 
this point the student is then already in possession of two inde- 
peudent methods of solution for any kind of framed roof or 
biidge which occurs in general practice. 

There are in fact only two framed structures, the continuous 
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girder and the braced arch remaining, which he is not able to 
solve. Should it be deemed undesirable to consider these, he 
can at once pass to Chap. II. and then to the stone arch, Chap. 
XV. If, however, a knowledge of the above is desired, he is 
now ready to extend his principles and methods to them also, 
Thus he has already recognized that provided only all the 
outer forces are known, he can both diagram and calculate 
any framed structure. In such structures as he has hitherto 
had, these outer forces are either given or are easily found. In 
the cases now considered they are not all given, and must, 
therefore, first be found. Once known, however, his way is 


clear. Recognizing clearly, then, what is aimed at, the supple- 


ments to Chaps. VII. and XIII. are first taken, and he is now 
able to find for the continuous girder the outer forces required. 
Chap. XIII. will then give. exercises in finding these forces, 
and handling the formula he has just deduced. Finally, Chap. 
XII. resumes again in the light of his present knowledge the 
same old two methods with which he is already so familiar, of © 
diagram and calculation, and a few examples actually worked 
out by both methods complete his mastery of the continuous 
girder and draw span. He can now pass on to the braced 
arch, and in Chap. XIV. will find all that he needs. Here he 
must take at first the formule and constructions for finding the 
outer forces on trust. Afterwards, if deemed desirable, he can 
follow out the development of these formule as given in Sup- 
plement to Chap. XIV. 

In the case of the parabolic arch, at least, the constructions 
are so simple that it is well adapted to class instruction. The 
draw span is of such importance as to render some attention to 
it, at any rate, desirable in any full course. Thus the student 
is now able to solve any case whatever of framed structure in 
two ways, by diagram and calculation. The same simple prin- 
ciples have been applied throughout, and formuls have been 
called in only in a subsidiary way to determine certain forces 
which are necessary to be first known before these principles 
can be applied. 

Thus Chap. I., Appendix to Ohap. L., Supplements to Chaps. 
VIL. and XIIL, then Chaps. XIIL, XIL., with Appendix, and 
XIV. with Appendix, form by themseives and in this order a 
complete and systematic course. 

If, however, it is deemed undesirable to consider the contin- 
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uous girder and braced arch, the course indicated in the pre- 
ceding paragraph may be omitted, and then Chap. I, with 
Appendix, constitutes a course as thorough as can be desired, 
the student taking first those examples given in the book, and 
then such others as the teacher may select, and always solving 
in two ways, by diagram and calculation. He may then take 
Chaps. IL-—V., and now possesses a second method of diagram 
(Culmann’s) by which he may check any or all of the previous 
cases. In general, a few examples of application to bridge 
girders, drawing the parabolas for total load (moments) and 
moving load (shear), will be sufficient. He is now ready to 
pass on to the Stone Arch, where again suitable problems - 
should be proposed by the teacher and solved under his super- 
vision. The remainder of the work, including moment of 
inertia and continuous girder treated by the second method of 
diagram, will in general be found unnecessary and rather ad- 
vanced, except in a very full course. 

The course recommended is then as follows, in the order 
given, chapters in brackets being omitted or not, at option of 
teacher: 

Chap. I. and Appendix, Supplements to Chaps. VII. (and 
XIII, Chaps. XIII., XII. and Appendix, XIV. and Appendix), 
Chaps. IL-V., XV. (XVI, VI, XL). It will be seen that the 
order recommended for class instruction is quite different from 
that of the work itself. 

We would ask teachers examining the book with a view to 
adoption, to look it over in the order above gwen. 

With regard to the space occupied in these pages by the con- 
tinuous girder, and to the opinions held by the writer on that 
subject, a word of explanation may also not be out of place, in 
view of the discussion which has arisen since the publication of 
the first edition of this work. 

It is, of conrse, understood that we claim, in any case, su- 
periority for the continuous girder over the simple, only where 
circumstances render such a construction advisable, and base 
that claim upon admitted theoretical results as yet not satisfac- 
torily tested by practice. We do not claim that one should 
supersede the other. Such a claim represents an extreme 
view, in our opinion absurd, and which certainly is not advo- 
cated in these pages, though there have not been wanting those 
who would attribute it to us. Circumstanees connected with 
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method of erection, etc., may certainly be imagined in which a 
continuous girder presents advantages not possessed by the 
simple. It finds, at least, direct application in the pivot span. 
When such circumstances arise, the engineer, we take it, will 
not find fault with a full and thorough discussion of the subject, 
such as here given, and he may even find the method of solu- 
tion which we recommend of service. The continuous girder 
has then its proper place, if we can only ascertain it, just 
like the bow-string girder, arch, suspension system, ete., which 


' also may, under proper circumstances, be preferred to the sim- 


ple girder, without necessarily detracting from the just merits 
of the latter. The others have been tested by practice, and 
their relative advantages pretty clearly settled. When the 
same shall have been done for the continuous girder, the dem- 
onstrations and method of solution here given can also be 
estimated at their true value. Should practice show the sys- 
tem worthless and theor fallacious, we hold ourselves ready at 
any moment to strike out the portions affected. Meanwhile 
the method of solution here given was at the time of publica- 
tion entirely new; the formulz were an advance upon any up 
to’ that time presented; the subject, heretofore difficult, was 
rendered easy of solution, and brought out in a very striking 
manner the powers of the graphical method, the value of which 
is of course unaffected by the fate of the theory of continuity. 
Until then, practice decides very clearly against the system ; it 
has very properly a place in a work professedly treating of 
framed structures. 


As to the merits of the case, the theoretical saving is cer- 


tainly large enough to justify careful consideration and trial, 
and our theoretical results have never been called in question. 
How much, in any case, of this theoretical gain can be realized 
practically, it remains for intelligent practice to decide—the 
full solution is beyond the reach of analysis. To assume, as 
some do without experiment, that the objections to the system 
and to the theory, however valid in themselves, do actually 
cover or more than cover the large gain indicated in some cases 
by theory, is practically to beg the whole question. 

To assume, as some have, that because this large theoretical 
saving is not found in certain special cases of small span, where 
indeed it was not to be expected, that therefore it is not to be 
obtained in other cases, is to evade the question. For almost 
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all ordinary spans, apart from the method of erection, the sim- 
ple girder need fear no rivalry. But for long spans of large 
number it is not yet clear how the very large theoretical saving 
is counterbalanced by the objections hitherto urged, such as 
varying modulus of elasticity, inapplicability of theory to 
framed structures, effects of temperature, etc.; nor is it quite 
clear exactly how the effect of such objections is estimated. 
That such objections have weight is not to be denied. That 
their weight is sufficient to condemn the system is the very 
point at issue. This point we decline to decide ether way, 
without better reasons than have thus far been advanced. 
Thus, not pretending to decide it ourselves, we cannot but 
regard those who do, as hasty. The question now is one 
for the workshop. So far as theory can go we give it here, 
in a more perfected and practical shape than ever before 
given. ‘The mathematicians have done their part, and pre- 
sented their results. It remains now for the practical engi- 
neer and constructor to do their part. Only by concert of action 
can the truth be attained. “If brought to the test of practice, 
the theory is found at fault and its results delusive—well. If 
not, well also. In either case engineering art and science are 
advanced.” Until, however, the question is thus settled, we 
must regard it as an open one, and trust it will “ periodically 
turn up for settlement” until thus finally disposed of. Unless 
the theory of flexure, so long accepted as practically valuable 
and received by practical engineers, can be replaced by a better, 
we must especially deprecate all attempts to arbitrarily settle 
the question by fruitless discussion. We cannot thus sum- 
marily pronounce upon a theoretical question without theory, 
and upon a practical question without practice; nor is this 
the spirit in which progress in knowledge or practice can be 
made. 

It may be well to remember, in this connection, that other 
nations have brought or are bringing the question to a practi- 
cal test. England, France, Germany, Austria, Prussia, Spain, 
Italy—have tried or are trying the case, and have not yet 
decided it. The skill of American engineers, as exemplified in 
our present practice, needs no encomium. It is world-wide. 
They might, indeed, be reasonably expected to succeed even 
where others fail, and if there be any advantage in the system, 
they, if any, might be expected to find it. | 


Meanwhile, we cannot think that our dineuesion sete case 
_ at this time impairs the value of the work as a whole, 

any apology. We therefore again present it to the Peoksebine® 
_ in substantially its original form, and hope it will be found — 
worthy of a continuance of the favor which has scone been 
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Tux only changes in the present edition consist in such slight 
-corrections and additions as my own use of the work and the 
experience of my readers have suggested. To these latter I am 
greatly indebted for their kindness in reporting errors and sug- 
gesting improvements. Such errors will be found corrected, 
and, so far as possible, the improvements adopted. Some of 
these latter, indeed, are of such a character that they can hardly 
be embodied without, in large part, entirely rewriting portions 
of the work. To those who can appreciate the labor of thus 
remodeling any considerable part of such a work consistently 
with the rest, the excuse of insufficient time will probably be 
considered valid. I trust some time to be able to embody these 
suggestions also, and thus render the work more worthy of the 
very kind reception which has been accorded to it. Meanwhile, 
my thanks are due to those friends and readers who have thus 
so kindly aided me, and I would solicit both them and such 
others as I may hereafter add to the list, to send in such errors 
as may still exist, and such suggestions as may yet occur. 


New Haven, April, 1879. 
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INTRODUCTION. 


HISTORICAL AND ORITIOAL.* 


Tux subject of Graphical Statics has, since the appearance of Culmann’s 
work (Die graphische Statik, Zirich, Meyer and Zeller, 1866), excited 
considerable attention, but an accurate and just estimate of its methods 
and practical value is still wanting. Thus there are some who opposé it; 
others willingly accept it as an efficient and valuable aid in practical inves- 
tigations of stability; still others even profess to see in it a future rival of 
Analytical Statics. This last somewhat remarkable claim seems apparently 
justified by a passage in Culmann’s preface, where it is asserted “that the 
Graphical Statics will and must extend, as graphical methods find ever 
wider acceptance—but in such case, however, its treatment will soon escape 
the hands of the practitioner, and it will then be built up by the geometer 
and mechanic to a symmetrical whole, which shall hold the same relation 
to the new geometry that analytical mechanics does to the higher analysis.” 
These various and conflicting opinions find their supporters in technical 
schools and among engineers throughout Germany. 

In the consideration of the subject, we shall endeavor especially to give 
an objective presentation, but shall also feel at liberty to present our own 
opinions as well, and generally to venture such reflections as seem suited 
to throw light upon the matter. For both reasons it will sometimes be 
necessary to make apparent deviations, in order to point out the various 
fields in which these new investigations take root, to define their limits, and 
to decide in what directions and to what extent impulse and sustenance 
for further development may exist. In such a manner only can we satis- 
factorily ascertain how far the graphical statics may safely count upon 
more than a passing recognition and brief existence. 

We have therefore to ask of the reader who wishes to obtain a just and 
accurate estimate of this new and, as we venture to think, highly important 
subject, patience for the following general considerations. 


* Ueber die graphische Statik—zur Orientirung. By J. 1.Weyrauch. Leip- 
sig, 1874. 
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XXX11 MATHEMATIOAL INVESTIGATIONS, 


L 
UPON MATHEMATICAL INVESTIGATIONS IN GENERAL, 


Mathematical truths may be attained in two essentially different methods 
—by synthesis or by analysis, by composition or by resolution. In synthe- 
sis, we ascend from particular cases to general ones; in analysis, we descend 
from general cases to particulars. By synthesis we pass from the simplest 
or admitted truths, by combination and comparison, to more complicated 
phenomena. Analysis seeks to refer back such phenomena to their fun- 
damental relations, or to deduce special properties from the general con- 
ditions. 

The analysis of a phenomenon presupposes, then, an accurate compre- 
hension of all its elements. So far as these last stand in relations of cause 
and effect to the whole and its parts, or so far as such relations exist be- 
tween the parts themselves, they may be expressed by equations, Thus 
the operations which are necessary in analysis become independent of con- 
crete phenomena, and are governed only by the laws of abstract quantities 


as included by algebra in the widest sense of the word. Algebra, then, is . 


not analysis itself, but only its instrument, “‘instrwment précieux et néces- 
saire sans doute, parce quil assure et facilite notre marche, mais qui na par 
lui méme aucune vertu propre ; qui ne dirige point Vesprit, mais que Vesprit 
doit diriger comme tout autre instrument” (Poinsot, Théorie nouvelle de la 
rotation, prés 3 1’ Acad., 1834), Ordinarily the higher branches of algebra, 
with which numberless really analytical investigations are connected, are 


designated as analysis. More properly, all investigations which rest upon 


equations of condition may be termed analytical investigations, 

Synthetic investigation rests mainly upon geometrical conceptions, and 
attains to the knowledge of phenomena through concrete conditions, which 
latter may be designated as space relations and processes. Hence the usual 
division into analytical and geometrical methods, even in applied mathe- 
matics. We have thus with equal appropriateness an analytical geometry 
as also a geometrical analysis. When pure geometry (in distinction from 
analytical) makes use of the symbols and operations of algebra, it is only 
to express with corresponding generality and more concisely than in words 
truths attained to by abstraction, and independent of the dimensions of the 
auxiliary figure; or so to formulate such truths that they may be applied 
in analytical investigation. Accordingly, such use of algebraic formule 
has as little effect upon the synthetic process as from the above it would 


seem essential to the analytic treatment. In either case, algebra is but the | 


instrument, the method lies back of and directs it. 

If analytical formule and operations are entirely excluded from the 
more complicated geometrical] investigations, we are at once restricted to 
general laws of metrical relation. There remains only the faculty of 
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-abstraction and graphical construction. The power of abstraction alone 


suffices, indeed, to comprehend in full generality. metrical relations in ele- 
mentary geometry and its simplest applications, but fails when the relations 
sought must be attained step by step by the application of a number of 
principles, or in the auxiliary figure by a number of constructions. If, 
indeed, we take the relation sought directly from the auxiliary figure 
itself, and even if it were possible to take out the required distances with 
absolute accuracy, still this result obtained would stand to the general law 
desired only in the same relation that the result of a particular numerical 
computation does to the more general algebraic formula, 

Investigations by the aid of graphical figures can, however, make known 
general relations of form and position, and have in this respect their special 
advantage. So far also as by them metrical relations are sought, then, by 
the exclusion of algebraic formule, only the process of deduction—the 
routine of construction—remains of general significance. Sciences, then, 
which proceed in this manner, furnish indeed, with respect to metrical 
relations, no general laws, but for the deduction of these relations do give 
general methods. In this category we may place descriptive geometry and 
the more recent graphical statics. 


iy 


ANALYTICAL AND GEOMETRICAL MECHANICS, 


It is hardly necessary in these days to call attention to the advantages 
of a geometrical treatment of mechanical problems. This, however, was 
not always the case, and the most important developments of geometrical 
mechanics belong to the present century. It is to Poinsot, Chasles, Mobius, - 
etc., that these developments are due. - 

By the Calculus of Newton and Leibnitz (1646-1714), and its subsequent 
development, analysis became such a powerful instrument that the activity 
of mathematicians was for a long time solely directed towards analytical 
investigations. The power of analysis was in mechanics carried to its 
highest point by Lagrange (1736-1813), in his Méchanique analytique. He 
undertook the problem of reducing mechanics to a series of analytical 
operations: ‘‘ On ne trowera point de figures dans cet ouvrage. Les 
méthodes que jy expose ne demandent ni constructions ni raisonnement géo- 
métrique ow mécanique, mais seulement des opérations algébriques assujéties 
@ une marche réguliére et uniforme” (Méchanique analytique. Paris, 1788.) 
The principle of virtual velocities formed his point of departure. <A 
number of text-books upon theoretical mechanics still follow the method 
of Lagrange. 

The revival of pure geometrical investigations by Monge (1746-1818), 
the creator of descriptive geometry, and his followers, could not well have 
been without its influence upon mechanics. In the year 1804 appeared 
the Hléments de Statique, by Poinsot, in which, in contrast to Lagrange, 
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we find: “que tous les théorémes de la Statique rationelle ne sont plus au 
Sond que dea théorémes de Géométrie.” This work was the beginning of a 
series of treatises in which the advantages of the synthetic development 
and geometrical treatment of mechanics were defended and, by most 
important results, strikingly demonstrated. 

At this time the views as to the best method of treating mathematical 
problems were sharply opposed. Carnot (1753-1828), to whom, however, 
the modern geometry itself owes no slight impulse, gives the preference - 
to analysis. For synthesis “est restreinte par la nature de ces procédés ; 
elle ne peut jamais perdre de vue son objet, il faut que cet objet s offre tou- 
jours a& Vesprit, réel et net, ainsi que tous les rapprochements et combinaisons 
quon en fait” (Géométrie de position. Paris, 1803.) That which here Car- 
not considers as a defect in the synthetic and geometrical method, Poinsot 
claims as its special advantage: ‘‘ On peut bien par ces caleuls plus ou moins 
longs et compliqués narvenir a déterminer le lieu ou se trouvera le corps au 
bout d'un temps donné, mais on le perd entiérement de vue, tandis qu’on vou- 
drait Vobserver et le suivre, pour ainsi dire, des yeux dans tout le cours de sa 
rotation” (Théorie nouv. d. l. rot. d. corps). ie 

The example of Poinsot found numerous followers: In Germany, Mé- 
bius followed with his “ Lehrbuch der Statik.” Mechanics as well as 
geometry thus received enrichment. Mdébius gives the preference always 
to the synthetic method, and also endeavors’ to interpret geometrically, 
analytically deduced formule—‘ because in investigations concerning 
bodies in space the geometrical method is a treatment of the subject itself, 
and is therefore the most natural, while by the analytical method the sub- 
ject is concealed and more or less lost sight of under extraneous signs” — 
(Lehrb. d. Statik. Leipzig, 1887.) 

Even in analytical operations, geometrical considerations came more and _ 
more in the foreground. On all sides the development of Kinematics, the 
theory of motion without reference to its cause, was prosecuted. But, 
neglecting the cause of motion, there remains only its path; that is, geo- 
metry proper (Kinematical geometry, or the geometry of motion). 'The in- 
vestigations of Chasles, Mobius, Rodrigues, Jouquiére, and others, may yet 
be still further pursued; and when by the aid of geometry a certain com- 
pleteness has been given to the theory of the motion of invariable systems, 
the geometrical theory of regular variable systems (to which the flexible 
and elastic belong) will be possible. For the discussion of such branches — 
of mathematics, the synthetic geometry is necessary ; for their foundation 
lies in a theory of the relationship of systems. 

The advantage of the synthetic method in mechanics is denied by no 
one. Wherever it is possible, we obtain more comprehensive conclusions 
as to the nature of the phenomena, while all the properties of the same fol- 
low directly from the simple and known truths premised. In analytical 
investigations it is necessary, even when definite equations are obtained, to 
deduce the actual laws singly and 1n a supplementary manner, Beh. 
they are indeed all contained in the equations themselves. 

It is not, however, always possible to preserve the synthetic process 
throughout. From the first truth the ways diverge in all directions, and 
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& special ingenuity is often needed to reach the goal, Just here analysis 
comes to our aid with its rich treasures of developed methods, and here it 
is most certainly not for geometry to “ undervalue the advantage afforded 
by a well-established routine, that in a certain degree may even outrun tie 
thought itself” (# Klein: Vergleichende Betrachtungen tiber neuere geome- 
trische Forschuhgen. Erlangen, 1872, p. 41). Algebraic operations are 
thus, however, not the chief thing, but only the instrument—a most excel- 
lent instrument indeed, which can be almost universally applied, and 
which, by reason of its connection with an extensive and independent 
mechanism, often needs only to be set in action in order to work of itself. 

Geometrical mechanics, moreover, can never entirely free itself from 
analytical formule and operations. For though it may be both interesting 
and useful to follow, with Poinsot, the body during its entire rotation, yet 
practically this is of minor interest, and the chief problem remains still, 
** @ déterminer le lieu ou se trouvera le corps au bout dun temps donné.” 

In the present day all those familiar with both methods of treatment 
hold fast the good in each; they supplement each other. Often in the 
course of the same investigation we must interrupt the general analytical 
process with synthetic deductions, and inversely. Thus we may well close 
these considerations with the sentence with which Schell begins his “ Theo- 
vie der Bewegung und der Kraéfte”—both methods, the analytic and the 
synthetic, can only, when united, give to. mechanics that sharpness and 
clearness which at the present day ought to characterize all the mathemati- 
cal sciences, 


Il, 


GEOMETRICAL STATICS. 

Statics is a special case of dynamics, though earlier treated as indepen- 
dent of the latter. The principle of d Alembert furnishes the means of 
passing from one to the other. In technical mechanics the distinction is 
still preserved, and indeed, in view of the distinct branches in which the 
applications on either side are found, not without propriety. 

After the mechanics of the ancients, as comprised in the mathematical 
collections of Pappus, the first great step towards our present geometrical 
statics was made by Simon Stevinus (1548-1603), when he represented the 
intensity and direction of forces by straight lines. Stevinus himself gave 
a proof of the importance of his method, in the principle deduced from it, 
that three forces acting upon a point are in equilibrium when they are pro- 
portional and parallel to the three sides of a right-angled triangle. 

A main discovery was the parallelogram of forces by Newton (1642- 
1727). The composition of two velocities in special cases was long famil- 
iar. Galileo made use of it for two velocities at right angles, and exam- 
ples also occur in Descartes, Roberval, Mersenne, and Wallis, but the funda- 
mental principle was first established when Newton replaced the theories 
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of special by that of universal causation (Philonophia naturalis principia 
mathematica. London, 1687). 

Varignon in his “Projet d'une nouvelle mécanique,” in the same year (1687), 
and independently of Newton, applied for the first time the general princt- 
ple of the composition of motions. From this he passes, in the Wouwvelle 
mécanique ou statique, dont le projet fut donné en 1687 (published. after 
his death, Paris, 1725), by means of the axiom that “ les effets sont toujours 
proportionnels @ leurs causes ou forces productrices” to the composition of 
forces also. 

The Statique of Varignon is purely geometrical. He postulates. nothing 
beyond books 1-6 and 11 of Euclid, and even explains the significance of 
+ and — signs. In this work, the first founded upon the parallelogram of 
metion and of forces, we find also the force and equilibrium polygons 
(Funiculaire, Section II.), to the application and development of which 
almost the whole of Graphical Statics is to be attributed. Varignon recog- 
nized the value of the equilibrium polygon, and gave it as the seventh ‘ 
the simple machines. 

After the. great Interim of Geometry, Monge wrote a Traité élémentaire 
de Statique (Paris, 1786). The work claims to contain for the first time 
everything in statics which can be synthetically deduced. In a later edi- 
tion we learn that synthetical statics must be taken up as preliminary to 
analytical, just as elementary geometry before analytical geometry. Thus 
the work of Monge contains the necessary preparation for Poisson’s ‘‘ Traité 
de mécanique” (Paris, 1811). 

The greatest influence upon the development of geometrical statics was 
exercised by Poinsot. By the introduction of force pairs, he solved in the 
most elegant manner the fundamental problem of any number of forces 
acting upon a body (Hléments de Statique, Paris, 1804, and Mémoire sur 
la composition des moments et des aires dans la mécanique). 

Chasles completed the solution by the proof that the contents of the 
tetrahedron, which is determined by the resultant forces, is constant, how- 
ever the forces may be composed. 

In the hands of Mébius, geometry and geometrical statics were most com- 
pletely developed. 

Of the greatest importance, for later applications, was the introduction 
of the rule of signs. 

The germ of this had existed already in the preceding century.* Mébius 
recognized its significance, extended it to the expression of the contents of: 
triangles, polygons, and three-sided pyramids, and applied. it systemati- 
cally (Barycentrischer Oaleul. Leipzig, 1827). 

A new impulse, extended field of action, and numerous additions were 
given to geometrical statics by the Graphical Statics of Oulmann. 


* Mobius alludes to this, and we find, for example, in Kastner BC pioe o 
Abhandlungen, I. Saml., 1790, p. 464), the equation A B+ BA = 
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The most extended applications of statics are in the field of engineering. 
Here, not only general properties of form and position are required, but in 
a large number of cases numerical relations are also necessary. General 
results of the latter character can, as we have seen, only be embraced by 
algebraic formule (I). The pure graphical theory of construction is there- 
fore in this respect lacking in.completeness, as it is unable to furnish gen- 
eral metrical relations. 

The practical engineer has almost always, however, to do with special 


‘problems; dimensions and acting forces are numerically given. Geometry 


in such cases could give no general relations, because the results desired 
are the consequences of the special proportions of ‘the figure. In any de- 
terminate case, however, we may obtain a result holding good for that case, 
and it only remains to show how generally to obtain such a result. The 
graphical calculus treats of such methods, and so, although not exclusively, 
does graphical statics. As soon now as practical use is made of the actual 
proportions of the figure, everything depends upon the exactness of the 
drawing. One condition for the application of the graphical method is. 
therefore, skill in geometrical drawing—a requisition, indeed, which the 
practical engineer can most readily meet. 

The idea at bottom of the graphical calculus is simple. The modifica- 
tions of numbers in numerical calculations correspond always to similar 
modifications of the quantities represented by these numbers. The measure 
of a quantity can be as well given by a line as a number, by putting in 
place of the numerical the linear unit. In order for a graphical calculus, 
then, the modifications of lines answering to corresponding numerical 
operations are necessary, and these are furnished by geometry. They con- 
sist of graphical constructions, and rest upon the known properties of 
geometrical figures. The scale furnishes the means of converting directly 
any numerical quantity into its corresponding linear representation, and 
inversely any graphically obtained result can be at once transformed into 
numbers. , 

The graphical determination of desired or computable numbers is natu- 
rally nothing new. From the “ Traité de Gnomonique” of de la Hire 
(1682) to the “ Géométrie descriptive” of Monge (1788), many examples 
are to be found. The graphical calculus, however, goes further than this, 
It aims to found a method, a routine, which shall not only apply to bodies 
in space, but which shall also, like the arithmetical or algebraic calculus, 
be independent of concrete relations and of ‘general application. It seeks 
further to obtain its results (products and powers) in the shape of lines 


convertible by scale into numbers. (Hence the important part which area 
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transformation. plays in the graphical calculus.) Such was the problem | 


which Cousinery proposed, and whose solution he attempted in his ‘ Caleul 
par le trait” (Ses Hléments et ses applications. Paris, 1839). 

Cousinery applied the graphical calculus to powers, roots, proportion 
and progression; to the measure of lines, surfaces, cubes, graphic inter- 
polation, and the stability of retaining walls. The presentation is nat- 
urally by no means complete, and labors also under a prolixity and 
minuteness of detail to which the results obtained are by no means com- 
mensurate. It sounds somewhat comic when Cousinery, in his ‘* Caleul par 
le trait,” claims the then already-existing graphical solutions of Poncelet 
(‘* Mémoire sur la stabilité des revétements, in Mémorial de Voff du génie”) 
as an elegant example of the application of his graphical calculus. 

While Cousinery thus sought to apply geometry in a direction where 
until then analysis had held sway, he acted in entire accordance with the 
spirit of his age, though without making use of those means for aid which 
lay at his disposal. ‘‘ Without effect upon him,” says Culmann, “ were 
the researches of Steiner, already published in 1832, as well as those of 
his predecessor; and instead of simply premising the elementary prin- 
ciples of the medern geometry, he laboriously sought to deduce them in- 
dependently by the aid of perspective.” The works, at least, of the French 
predecessors of Steiner were, at any rate, well known to Cousinery. In his 
preface we read: “ Peut-étre méme nos efforts eussent-ils été complete- 
ment infructueux, sans les ressources que nous ont procurées et les annales 
de M. Gergonne et les travaux de M. Brianchon, et ceux plus récents de 
M. Poncelet. Nous avons envers M. Chasles une obligation encore plus 
droite, car outre les précieux documents que renferme son ‘ Histoire des 
méthodes en géométrie,’ nous avons & lui faire agréer un témoignage par- 
ticulier de reconnaissance pour la maniére dont il a bien voulu mentionner 
nos premiers essais sur le syst?me de projection polaire.” 

Why Cousinery made use of perspective and not of the modern geome- 
try, is easily understood. The development of geometry at that time, as to- 
day, proceeded in various almost independent directions, and Cousinery 
himself had the pleasure of secing his ‘“ Géométrie perspective” (Paris, 
1828) designated by the reporters for the Academy, Fresnel and Matthieu, 
as new and ingenious, as well as favorably noticed by Chasles.* He 
sought, therefore, naturally to develop and render fruitful his own method, 
so much the more as the true significance and value of the various growing 
branches of geometry could not then, as now, be correctly estimated. Ac- 
cordingly, the Ingénieur-en-chef, B. H. Cousinery, wrote avowedly for his 
colleagues, and did not feel justified in directly premising a knowledge of 
the newest investigations, more especially of his own. 

We have noticed the above somewhat in detail, because it bears directly 


* Its newness, at least, is not without doubt. According to Medler, the 
principles are completely given in Lambert's celebrated work, ‘‘ Die freie 
Perspective” (Ziirich, 1759). Poncelet also takes issue with the estimation of 
the ‘* Géométrie perspective” by Chasles (‘* Traité des propr. proj.,” IL, éd. 
1865, p. 412). 
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upon a point of our discussion; for the introduction of the modern 
geometry in the graphical method by Culmann, is still, thirty years after 
Cousinery, a chief hindrance to its rapid spread.* 

After Cousinery, no one occupied himself with the graphical calculus 


* till Culmann gave it a place in his Graphische Statik. The presenta- 


tion is here far better, and especially shorter. The rule of signs, which 
was unknown to Cousinery, is at once brought out. Instead of such 
long and tedious applications as the graphical interpolation, a few — 
examples from engineering practice are given, among which we may — 
especially notice earth-work calculations. In the extensive earth works of 
roads, canals, and railways, the method shows not only most plainly the 
extent and best arrangement of transport, but also allows, with the aid of 
the planimetre, the cost of transport to be determined. 

As to the rest, it would appear as if the graphical calculus should play 
an important part in engineering practice. This circumstance, as well as 
the interesting problems which present themselves in connection, has 
gained for the <Arithmography many friends. Several publications 
have since sought to win for it a wider recognition without furnishing 
anything essentially new. [H. Eggers: “‘Grundztige einer graphischen 
Arithmetic,” Schaffhausen, 1865. J. Schlesinger: ‘*‘ Ueber Potenzcurven,” 
Zeitschr. d. dsterr. Arch. u. Ing. Ver., 1866. 2. Jager : “‘ Das graphischen 
Rechnen,” Speier, 1867. . von Ott: “ Grundztige des graphischen Rech- 
nens und der graphischen Statik,” Prag, 1871.] 

Recently the method of the graphical calculus has been applied to Dif- 
ferentiation and Integration. A treatise by Solin shows the first exact, so 
far as possible in a construction, the last approximate only (‘‘ Ueber graph. 
Integr. ein Beitrag z. Arithmographie, Abhand, d. kénigl. béhm. Gesellsch. 
d, Wissenbach.” VI. Folge,5 Bd. Separate reprint by Rivnac, Prag, 
1871). It is to be remarked also that examples of double integration and 
differentiation were given by Mohr in 1868. The graphical construction 
of the elastic line, and the determination of the moments at the supports 
of a continuous yirder, are essentially examples in point (Mohr: “Bei- 
trag zur Theorie der Holz und Eisenconstructionen,” Zeitschr. d. Hannéy. 
Ing. und Arch. Ver., 1869; or W. Ritter : ‘Die elastische Linie,” Zirich, 
1871.) . 

As to the importance of the graphical calculus as an independent study 
or discipline, it is, as we believe, often exaggerated. The theoretical value is 
but little, for graphical constructions, as given by the graphical calculus, 
offer in no respect anything new. That which pertains to practical applica- 
tions may be easily based directly upon geometry, and is nowhere found 
as a consequence of the method itself. If it is considered advisable to call 
special attention to a few general points before making such applications, 
all that can be desired can be easily presented in ten ora dozen pages 
octavo. 


* See Preface; also Chaps. VII. and VIII. of this Introduction. 
Cc 
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Vv. . 
GRAPHICAL REPRESENTATION. 


Graphical representation, in the widest sense of the word, includes every 

visible result of writing or drawing. The written sentence is the graphi- 
cal representation of a thought—the drawn line the graphical indication of 
an idea. In such generality we naturally do not here regard graphical’ « 
epresentation. In a narrower sense we understand the graphical represen- 
tation of the diversity or dependence of numerical quantities. In this 
sense we cannot speak of the graphical representation of pure geometry. 
This last was introduced into analysis by Vieta (1540-1608). Here the 
figure merely aids the conception, while the equation embraces the charac- 
teristics of the phenomena (I.), and ensures the independent character of 
the drawn lines. Thus the clearness of geometry is combined with the 
fruitfulness of analysis. 

If the graphical representation is constructed from a number of suitably 
chosen and calculated values, the intermediate values can be directly meas- 


hy oe ured and, by means of the scale, reconverted into numbers. The graphical 
+ representation, then, replaces numerical tables. Illustrative examples often 
aha occur in practice. We instance, for example, the graphical representation 
ie of maximum moments and shearing forces in the continuous girder. If 
ad the several values are calculated from a formula, their graphical union gives 
a simultaneous view—a picture—of the law which the formula represents. 
4 on If these values are merely known—odserved, for example their graphical 
“n combination may enable us to deduce the law which connects them. Thus 
a the graphical representation is of assistance in the deduction of empirical 
f formuls, and indirectly in the discovery of exact relations, Illustrations 
be of such application occur frequently in applied mathematics, especially i in’ 
5 astronomy and meteorology. 

a In this connection we may also remark that graphical representation 
a 


plays ‘also an important part in statistics. By its aid a comprehensive view 
is obtained of a series of separate results. Or it may be applied to still 
higher problems—for example, from comparison of simultaneous but differ- 
ent series of observations to determine an inner connection. 

In engineering practice, graphical representations have in recent times 
notably multiplied. All graphical constructions, so far as they do not de- os 
pend upon analytical formule, and therefore are not directly given by 
geometrical laws, are nothing more than consequences of graphical I 
sentation. 
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The few text-books upon graphical statics and the more numerous works 
upon its applications, afford us no definition, and can afford none, because 
neither the method nor scope of this new study are anywhere sufficiently 
indicated. 

If, following Culmann, we speak of it in contradistinction to the appli- 
cations of a pure graphical statics, we may define it somewhat as follows: 
Graphical Statics comprises the theory of those geometrical constructions which 
gecur in the graphical solution of statical engineering problems; it treats 
further of the general relations deducible from such constructions. This 
limitation, so far as it does not follow from the preceding, we shall seek 
in the course of these remarks still further to establish. 

Graphical representations of analytically obtained results have, as has 
been already noticed, long been used in engineering practice. They served 


‘also the purposes noticed in the preceding chapter. Often also certain 


values, whose analytical determination is somewhat complicated, have 
been sought by graphical constructions, Examples of this may be found 
in many text-books upon the theory of structures, and we notice only, as 
one of the most notable of recent date, the construction of lever arms and 
limits of loading in A. Ritter’s ‘‘Theorie und Berechnung eiserner Dach 
und Briickenconstructionen” (Hannover, 1862). Poncelet applied analy- 
sis in general to practical investigations, but sought in several complicated 
cases to elucidate the deductions of formule by geometrical constructions, 
and to deduce graphical solutions from analytical relations. This pro- 
cedure found considerable acceptance, and ‘the investigations of Poncelet 
were afterwards resumed upon more general assumptions by Saint Guil- 
hem (Mémoire sur la poussée des terres avec on sans surcharge, Ann. des 
ponts et chauss., 1858, sem. 1, p. 319). 

The first, however, to give pure geometrical determinations of stability 
in structures was Cousinery. He gave a number of examples as applica- — 
tions of his graphical calculus, but his ideas appear to have found in 
France little acceptance. On the other hand, the graphical construction of 
the curve of pressure in the arch by Mery (Mémoire sur l’ équilibre des votites 
en bereeau—ann. d. ponts et chauss., 1840, sem. 1, p. 50) was extensively 
used, and has since been extended by Durand-Claye to iron arches also 
(Ann. d. ponts et chauss., 1867, sem. 1, p. 63, and 1868, sem. 1, p. 109). 
Special prominence was given to graphical investigations of stability by 
Culmann’s “Graphische Statik” (first part, Ziirich, 1864, entire work, 
1866 ; second edition, 1st part, 1875.) 

This work of Culmann must be considered as original in all those parts 
relating to structures. Poncelet and Cousinery, beyond the general idea, 
furnished only unessential contributions, Culmann recognized the fruit 
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fulness of the relations between the force and equilibrium polygon, upon 
which most of the practical solutions depend, He developed these rela- 
tions, applied them in the theory of moments by the introduction of the 
closing line (Schluss Linie), and, accepting the rule of signs, obtained gen- 
eral points of view for the discussion of the most diverse figures which 
could arise in the same problem. In this and in many other respects even 
geometrical statics can profit from Culmann’s work, as, for instance, in the 
investigation of the projective relations between the force and equilibrium 
polygon. 

The fundamental importance of the force and equilibrium polygon was 
also recognized by those who, after Culmann, occupied themselves with 
the graphical method. Here we may notice two works of special influence 
upon the development of the graphical statics—those of Mohr and Ore- 
mona, The idea of Mohr, that the elastic line is an equilibrium polygon or 
curve (“ Beitrag zur Theorie der Holz und Eisenconstructionen.” Zeitschr. 
d. Hannoy. Ing. und Arch. Ver., 1868) is of special significance for graphi. 
cal statics. 

That from it Mohr obtained the graphical determination of the moments 
at the supports of a continuous girder, is an example both useful as well 
as interesting. Already it has been endeavored to utilize the same idea in 
other cases (#rdnkel : “zur Theorie der Elastischen Bogentriiger,” Zeitschr. 
d. Hannov. Ing. u. Arch. Ver., 1869, p. 115), and by it an impulse has been 
given to similar investigations. 

Cremona has kept more especially in view the geometrical side of graphi- 
cal statics. Starting from the theory of reciprocal polyhedrons, he gave 
the reciprocal relations between the force and equilibrium polygon with a 
generality and elegance to be expected from this distinguished Italian 
mathematician (Le jigure reciproche nelle statica graficu. Milan, Linger, 
1872). By this investigation the theoretical development of the graphical 
statics is essentially anticipated. 

It was under the most unfavorable circumstances that Culmann intro- 
duced his graphical statics in the engineering department of the Ziirich 
Polytechnic in the year 1860. It was finally, indeed, admitted as a regular 
study, but not the geometry of position which he premised. It was not 
till 1864 that this last was given in a series of lectures by Reye, and then 
the time at disposition for both courses was insufficient. Meanwhile the 
method spread, crept into the construction department of the engineering 
school, and wherever it came, even in the other departments of the Poly- 
technic, gained friends. Finally, at the present time, it is to be found, to- 
gether with the modern geometry of position, upon which it was based, in 
every Polytechnic throughout Germany. 

According to the above given definition of graphical statics, the methods 
of the graphical calculus, as far as applied in statical investigations, may 
also be regarded as belonging to graphical statics, and justly so; for 
these methods follow directly from geometrical principles, and can be ap- 
plied by any one acquainted with geometry, without being collected under 
the special name of the “ graphical calculus,” Thus, for instance, Bauwsch- 
inger,in his ‘‘ Elemente der graphischen Statik” (Miinchen, 1871), disre- 
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gards entirely the graphical calculus, and also cuts loose from the modern 
geometry ; he develops the elementary principles of the subject in a logi- 
eal and easily comprehended, if not purely geometrical manner, and thus 
brings the subject within the reach of those persons for whom it seems so 
especially designed. The work is remarkable for clear presentation, but 
expressly avoids all special investigations and practical applications, for 
which it is merely intended to prepare the way. In the present work, also, 
a similar plan is pursued, but all such applications as are of most value to 
the engineer or mechanic find likewise a place. Thus, combining the 
method of presentation of Bauschinger and the praetical applications of 
Culmann, it has been endeavored to make it a practical manual, as well as 
a text-book of elementary principles—to serve the wants of the practical 
engineer, and also meet the requirements of the engineering student. How 
far this twofold design has been realized, the judgment of the reader 
must decide. 


VIL. 
THE METHODS AND LIMITS OF THE GRAPHICAL STATICS. 


The most perfect method of the graphical statics is the synthetic or geo- 
metric, since in geometrical statics the solution must always, when possi- 
ble, rest upon pure mechanical or geometrical reasoning, Culmann pre- 
sents his graphical statics to practitioners ‘‘as an attempt to solve by the 
aid of the modern geometry such problems pertaining to engineering prac- 
tice as are susceptible of geometrical treatment.” _ 

The graphical statics, however, is not in and of itself the product of 
endeavors to make the modern geometry of service in applied mechanics ; 
graphical solutions merely were required. How to obtain these, was 
another question. Thus it is that Poncelet’s solutions consist almost en- 
tirely of graphical representations of analytical relations; that Cousinery 
avoided all use of formule; that Culmann made use of the new geometry 
wherever it was possible; that Bauschinger and others make use only of 
the ancient geometry; and that the latest graphical solutions—in a certain 
degree, those of Mohr also—entirely in the spirit of Poncelet’s, rest again 
upon analysis. The pure geometric solution is, indeed, desirable, but is not 
always attainable. 

If now we review all the cases in which direct and exclusively geomet- 
rical solutions are not possible, we see at once that this occurs when it is 
required to make use of the physical properties of bodies, as elasticity, co- 
hesion, ete. Why? The actual condition of a body after equilibrium is 
attained, is a consequence of the motion of a variable system of points. 
The theory of the motion of variable systems has, however, by no means, as 
yet, been brought to practical efficiency (II.). We are therefore obliged to 
start from an hypothetical condition or state of the body (in the theory of 
flexure, for instance, we rest upon the assumption that all plane cross-sec- 
tions made before the action of the outer forces remain plane after their 
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action). To deduce now from this general condition the special relations 
necessary for solution, demands an essentially analytical process (J). 
Hence the dependence of the graphical solutions in such cases upon ana- 
lytical relations—relations which, when the body is assumed to be rigid, 
as in the arch, in frame work, or the simple girder, no longer exist. 

The sphere of action of an independent graphical statics is, then, con- 
fined to those problems which, under the assumption of inflexibility, are 
determined by a sufficient number of conditions. Beyond this point we 
have chiefly graphical interpretations only. 

It has been already noticed that graphical statics, without the xopliaalien 
of algebraic operations, can furnish no general laws (IV.). From relatively 
simple figures, indeed, here and there, general formule of metrical relations 
have been derived, as is, in fact, not theoretically impossible (L.), but such 
formulz were always previously known. Such a result holds, in general, 
immediately good only for that form of figure which has been discussed, 
or, according to the terminology of Carnot, only for the existing ‘* primi- 
tive figure,” and must be proved or transformed for all ‘ correlative 
figures” which can occur in accordance with the conditions of the prob- 
lem. When the graphical investigation is guided by analytical opera- 
tions, it is these last which render possible the deduction of general metri- 
cal relations. 

Thus, in the theory of structures, there remains subject to pure graphical 
treatment only the general relations of form and position. Here we have 
the elegant deductions upon unfavorable loading, and here the graphical 
method often attains its end in a more elegant manner than the analytical, 
A complete exploration and development of such form and place relations, 
without a geometry of position, would evidently be impossible (IX.). The 
scientific future of the graphical statics, therefore, rests essentially upon 
the influence of the modern geometry. 'To endeavor to separate the higher 
geometry from the graphical method would be as unwise and fruitless as 
the attempt to exclude the higher analysis from analytical investigations, 
As, however, for certain purposes an elementary presentation of analytical 
theories relating to engineering practice will ever be acceptable, so also an 
elementary development of graphical methods is not without justification, . 
the more so as long as the modern geometry itself is not sufficiently well 
known. * . 

Culmann says of the graphical statics: ‘It includes, thus far, only the 
general part which we need in the investigation of problems in construc- 
tion, but it must and will extend, as graphical methods find ever wider 
acceptance. Then, however, it will escape the hands of the practitioner, 
and must be built up by the geometer and mechanic to a symmetrical 
whole, which shall bear the same relation to the new geometry that analyti- 
cal mechanics does to the higher analysis.””. Such an estimation does not 
appear to be entirely correct. It is geometrical statics (or mechanics) for 
which the above relation may subsist, and to this, indeed, Culmann’s yalu- 
able work has itself greatly contributed. It was, moreover, developed 
quite independently of and much earlier than graphical statics (IIL), In 
this respect, therefore, the spread of graphical methods is of less impor- 
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tance than that of geometrical views and knowledge; for when practical 
calculations are disregarded, and the deduction of general truths alone 
occupies us, then, first of all, we must exclude from the drawn figure all 
special relations—that is, strike out of graphical statics the essentially 
graphical part, A truth comprehended only in the abstract holds good 
for all figures which can be drawn in accordance with the given condi- 
tions. 

We place, then, in one line geometry and geometrical statics (mechanics). 
From geometry we obtain a method of construction, or descriptive geome- 
try, which finds its practical applications in architecture and machine 
drawing. From geometrical statics we obtain also a construction method 
or routine—viz., graphical statics—which finds its practical applications in 
the graphical calculation of structures and machines. Both descriptive 
geometry and graphical statics have still, with reference to these practical 
ends, to develop and make use of the general relations which subsist be- 
tween the geometrical constructions to which they give rise, and thus each, 
according to its means, contribute to the discovery and spread of geo- 
metrical and mechanical truths. 

From this co-ordination 6f descriptive geometry and graphical statics 
we must not, however, infer an equal importance; for, while in geometri- 
cal drawing we have always to represent an ideal image, and the graphical 
method is therefore directly suggested, we have for statical calculations 
the analytical process also at our disposal, and everything depends then 
upon the relative advantages and disadvantages of the graphical and ana- 
lytical methods. We have thus noticed all the most important points 
which occur in a theoretical consideration, and there only remains to make 
a comparison from a practical standpoint (X.). es 
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Geometry treats of figures or constructions in space. These figures and 
their properties are not always regarded and treated in equal extent and 
generality. 

Geometrical knowledge found its origin in practical needs, and the 
ancients confined themselves almost exclusively to special investigations 
of individual figures and bodies of definite form, such as presented them- 
selves to the eye. In the phorisms of Euclid (-285), according to Pappus 
(end of the fourth century), the mutual relations of the circle and straight 
lines were, indeed, given with a certain degree of completeness, but these 
have not come down to us. 

Properties thus determined had naturally only a limited significance, 
and could neither count upon permanence nor give satisfactory conclu- 
sions. Investigators sought, therefore, assistance where it was best afforded, 
in analysis. This was, in the sixteenth century, by the algebra of Vieta 

' (1540-1603), notably enriched. 
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From this period geometry, for a long time, served merely as an aid to 
analysis, interpreting graphically its results (V.). From this union the 
greatest advantages were derived, as analysis led to the infinitesimal cal- 
culus of Newton and Leibnitz, and geometry to the analytical geometry of 
Descartes (1596-1650). 

But the extension and generality which geometrical truths received by 
this great creation of Descartes was essentially due to analysis. Desargues 
(1593-1662) and Pascal (1623-1662) extended pure geometrical considera- 
tions, and made the first step towards the modern geometry when they 
regarded the conic sections as projections of the circle, and deduced the 
properties of the first from those of the last. Then De la Hire (1640-1718), 
Le Poivre (1704) and Huygens (1629-1695) occupied themselves with geo- 
metrical investigations. While the two first developed the methods of 
Desargues and Pascal, Huygens and, later, Newton (1642-1727) applied 
pure geometry in optics and mechanics. Soon, however, the Calculus of 
Newton and Leibnitz (1684 and 1687) showed itself so wonderfully fertile 
in analytical geometry, that geometry proper was put in the background. 
Only a few, as Lambert (1728-1777), still regarded it with favor. 

Then appeared Monge (1728-1777), and gave the impulse to a complete 
revolution in geometrical views, and to the reconstruction of the science 
upon @ new basis. In his Legons de Géométrie descriptive (Paris, 1788), all 
those problems previously treated in a special and uncertain manner in 
stereotomy, perspective, gnomonics, etc., were referred back to a few gen- 
eral principles, and, without the aid of analysis, the most important prop- 
erties of lines and surfaces were deduced. ‘While descriptive geometry 
taught the relations between bodies in space and drawn figures, it strength- 
ened the power of abstraction ; introducing into geometry the transforma- 
tion of figures, it gave to its deductions an advantage till then possessed 
only by analysis; and while, finally, it owed its comprehensive results to 
the application of projections, it pointed the way for the further develop- 
ment of geometry itself. 

Meanwhile, in the field of analytical geometry, the conclusion had been 
reached that the desired truths admitted of a still more general compre- 
hension. All properties had been obtained only with respect to and by 
means of a determinate co-ordinate system. But already Godin (1704— 
1760) had announced “ que l'art de découvrir les propriétés des courbes est 
@ proprement parler, Vart de changer le systéme de co-ordonnées” (Traité des 
propriétés communes & toutes les courbes). This idea Carnot seized upon 
(1753-1823), and in the sixth chapter of his Géométrie de position (Paris, 
1803) he sought to obtain a more general comprehension of figures by 
analysis, and to avoid the indeterminancy of this last by the introduction 
of the idea of position, and by many solutions after the method already 
pointed out by Liebnitz and d’Alembert. 

Now began a veritable race in the condensation and promulgation of 
geometrical truths, in which the pure geometrical method obtained the 
palm. Thescholars of Monge—Brianchon, Servois, Chasles, Poncelet, Ger- 
gonne—working with him and in his spirit, filled the Annales des mathé- 
matiques and the Correspondance sur Vécole polytechnique with new re 
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sults—the two last named discovering the general law of reciprocity or du- 
ality. 

The foundation proper of the modern geometry was laid by Poncelet in 
his Traité des propriétés projectives des figures (Paris, 1828): ‘“Aggrandir les 
resources de la simple Géométrie, en généraliser les conceptions et le langage or- 
dinairement assez restreints, les rapprocher de ceux de la Géométrie analytique, 
et surtout offrir des moyens générauz, propres a démontrer et a faire découvrir, 
dune maniére facile, cette classe de propriétés dont jouissent les figures quand 
on les considére @une maniére purement abstraite et indépendamment @au- 
cune grandeur absolue et déterminée, tel est Vobjet qu’on s'est spécialement 
proposé dans cet ouvrage.” 

The new ideas found in Germany especially fruitful soil. Mobius, 
Pliicker, Steiner, Grassman, and many others, proceeding in part from 
entirely different points of view, opened out an abundance of new direc- 
tions which have not yet been thoroughly explored, and which, in union 
with other investigations, have caused a thorough change in our concep- 
tions of space relations, whose latest phases are indicated by the names of 
Riemann, Helmholtz and Lie-klein. 

In this development period, also, still existed the two parties in analyti- 
cal and synthetic, or pure geometry. Plicher held the analytical relations 
as the most general, and which were with advantage to he illustrated and 
interpreted geometrically ; while Steiner recognized in the space figure 
itself the true object and most efficient aid of investigation. Both direc- 


tions—the modern analytic and synthetic—lead naturally to the same results. 


With reference to the methods, however, they diverge the nearer the ideas 
and transformations of geometry approach the generality and ease of the 
algebraic method, thus rendering possible an abandonment of this last. 
Thus, while analytical geometry, through the theory of determinants of 
Hesse, came into éver closer connection with analysis—a direction in which 
English and Italian investigators—as Salmon, Cayley, Cremona—brilliantly 
assisted, the Erlangen Professor von Staudt cut loose from algebraic formu- 
le and metrical relations, and gave us the geometry of position (Wirnberg, 
1847, Beitr. z. Geom. d. Lage). 

After von Staudt, the strict geometry of position remained a long time 
disregarded, while the synthetic geometry of Steiner has enjoyed, without 
intermission till the present day, a special preference on the part of mathe- 
maticians. One reason may indeed be that mathematicians take little in- 
terest in an independence of geometry to which analysis can lay no claim; 
but another, still more potent, is the extremeiy condensed, almost schematic 
presentation of von Staudt, which has not exactly an encouraging effect 
upon every one. 

OQulmann gave the impulse to a change in this respect. In his graphical 
statics he rests directly upon the work of von Staudt, and, with something 
more than boldness, assumes a knowledge of the geometry of position 
among all practical men. Such a course was not indispensable for the 
foundation of his method, and impeded the spread of the graphical stat- 
ics; but by it the geometry of position gained. This last had next, of 
necessity, to be introduced into the Ziirich Polytechnic, and thus arose the 
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first, until now, only complete text-book upon the subject, the ‘* Geometrie 
der Lage,” by Reye (Hannover, 1868), as the direct result of the graphical 
statics of Culmann. 

Since then, the modern geometry has been introduced into all technical 
institutions throughout Germany, and thus placed at the disposal of the 
arts and sciences. 

As, according to its founder, Poncelet, it reaches the highest range of 
speculation, so also in the most practical relations it acts to simplify and 
condense: “ Peu @ peu les connaissances algébriques déviendront moins in- 
dispensables, et la science, reduite & ce quelle doit étre, a ce qu'elle devrait étre 
déja, sera ainsi mise a la portée de cette classe @hommes, qui n'a que des mo- 
ments fort rares & y consacrer.” 

[For illustrations of the method of the modern geometry, the reader may 
consult the Appendix to this chapter.] 


IX. 
THE MODERN GEOMETRY IN ENGINEERING PRACTIOER. 


One who should infer that a science created thus from its very inception 
with reference to the needs of practice* must have found access, above all, 
in technical circles, would be much mistaken. As Culmann sent out his 
graphical’ statics, deep silence prevailed, and if the modern geometry ap- 
peared here and there in the lecture plan of one and another polytechnic, it 
was, without doubt, due to the zeal of some enthusiastic privat docent who 
had undertaken the thankless task of holding forth to empty benches. 

Whence came this indifference to a discipline proceeding from the Heole 
polytechnique? It is hard, indeed, to find a sufficient reason. We often 
hear it said that by reason of the colossal extension which engineering 
sciences have experienced, students are already overburdened. Most true! 
and it is just here that the modern geometry comes to our assistance. It 
is precisely to this that the learned critic of Monge, Dupin, alludes: ‘ J7 
semble que dans Vétat actuel des sciences mathématiques le seul moyen dem- 
pécher que leur domaine ne devienne trop vaste pour notre intelligence, c'est 
de généraliser de plus en plus les théories que. ces sciences.embrassent, afin 
quun petit nombre des verités générales et fécondes soit dans la téte des 
hommes V expression abrégée de la plus grande variété des faits particuliers.” 

The modern geometry in its present form starts with a small number of 
elementary constructions whose properties are first set forth, and then, pro- 
ceeding from these by combination and comparison, it covers the entire 
department of space. The engineer, during and after his preparation, has 
to do with space problems, with geometrical principles and constructions; 


* Poncelet himself set upon the title-page of his work: ‘ Ouvrage utile a 


ceux qué s'oceupent des applications de ta Géométrie descriptive et sis ahsine:: 
géométriques sur le terrain,” 


’ 
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“how many superfluous definitions and demonstrations could nct be 
spared, if they were already completely comprehended and recognized by 
the scholar as parts of a higher whole” (Culmann—“ Die Graphische 
Statik”). At no very distant day it will nd longer be possible to read a 
scientific work upon applied mathematics without familiarity with the 
principles of the modern geometry.* Permitting pure graphical applica- 
tions, without the aid of analytic symbols, it forms the. common point of 
view for descriptive geometry, practical geometry, and graphical statics. 

Descriptive geometry existed before the modern, and this last has sprung 
from it. Now, reversely, the geometry of position comes to the aid of 
descriptive geometry, and offers in return its most fruitful principles and 
efficient aid. Thus in descriptive geometry we may refer to the works of 
Pohilke, Schlesinger, and Fiedler. The effect of the geometry of position in 
this direction to simplify and condense may be seen from the work of 
Staudigl (‘* Ueber die Identitit von Constructionen in perspective, schiefer 
und orthogonaler Projection”), where it is proved that “all problems of 
the descriptive geometry, in which neither linear nor angular measure are 
considered—therefore all problems which belong to the geometry of posi- 
tion—can in similar manner and by precisely similar constructions be solved 
' as well in perspective as in oblique and orthagonal projection.” In shades 
and shadows and in geometrical drawing, Burmeister and Paulus owe to 
the modern geometry the simplicity of their constructions. 

In the department of practical geometry also, in geodesy, perspective, 
surveying, we mark the influence of the modern geometry in the works of 
Miller and Spangenberg, of Franke and Baur. 

In mechanics and physics, we see it again in the works of Lindemann, 
Burmeister and Zech. 


x. 
PRACTICAL SIGNIFICANCE OF THE GRAPHICAL SATICS. 


We have already remarked (VII) that the importance of graphical 
statics is in great part dependent upon its advantages as compared with 
the analytical method, and ‘have reserved for this place a comparison from 
a practical point of view. 

Here, first of all, we have to notice the independence of the graphical 
construction of the regularity or irregularity of the given relations. 
Whether the forces are equal or not, whether they act at equal or varying 
distances, even their relative position, are matters of indifference, Centre 
of gravity, central ellipse, kernel—for all, even the most irregular figures, 
are found in similar manner, with equal ease, even when exact analytical 
solutions are hardly conceivable. Thus a process, a routine almost 
mechanical is rendered possible in many investigations of stability, with- 
out losing sight of interior relations; for in the repeated and independent 
compositions of the forces we always perceive the origin, connection and 


* Well illustrated in Gillespie’s Land Surveying. New York, 1870. 
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reason of the result obtained, which, in the substitution of numbers in @ 
he formula, is not always the case. 

~o With this advantage goes hand in hand a disadvantage. This very 
regularity of the process is a consequence of its special, we might almost 
3 say numerical, character (I.). In a numerical analytical example greater or 
“ less regularity has also but little effect. This numerical character has also 
rs. for consequence that we can never attain to general laws and relations 
([V., VIL). 


. The practical engineer becomes with time ever. more familiar with the 
dividers and rule, while facility in analytical operations gradually disap- 


pears. A graphical construction once completed is not easily forgotten, or 

ee a single glance at a similar figure suffices to recall the whole process. It is 

indeed easy in clearly given formule to substitute special numerical values; 

but formule unfortunately are not always clearly given, in some cases can- 

(ae not be so given, without presuming upon the thorough familiarity of the 

reader with the processes involved; these and the very many and various 
systems of notation in use leave to the constant, easily acquired and 
remembered graphical solution many advantages. 

But here we may remark that graphical solutions can only be easily 

acquired, retained or quickly recovered when the constructions are based 
upon methods purely geometric, and not when they are simply the interpre- 
tation of previously obtained analytical results. In the latter case we 
. must recall the process of development of the formula as well as the 
graphical construction, and the method is thus too often confusing instead 

of simple. 

Often it is desired to make visible the results of an investigation, as in 

the case of the arch, where the graphical method is especially adyan- 
tageous, and has in France been long used (VII.). 

Errors relating to the mutual relation of strains are more easily discov- 
ie ered in graphical solutions than in analytical, as a certain law of regularity 
a is always visible, which breaks abruptly for an error in construction. By 
calculation, on the other hand, we can more easily select any one place in 
the structure, and determine the strain there independently of the others. 

As to which of the two methods demands the least time is a matter of 
minor importance. In a construction costing from thousands to millions, 
it matters little whether the caJculations require one or several days, more 
or less, if only the results are clear and correct. It is a question also 
which can hardly be decided in favor of one or the other, dependent as it 
is upon elements other than those pertaining to the methods themselyes— 
such as varying individual skill and capacity in either direction. The 
declaration which is already sometimes encountered, that the numerical] 
calculation of a continuous girder requires about three times as much time 
as the graphical solution, sounds questionable. Why not at once furnish 
the statement with decimal places? In general, for ordinary cases, the ana- 
lytical solution requires less time; for irregular and more complicated cases, 
a the graphical. 
re The exactness of the graphical solution is sufficient, but it, too, depends 
upon the care and skill of the draughtsman.. The greater the forces and 
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dimensions with which one works, the better the results obtained. The 
scales should not, then, be taken too small. 

It is hoped that these considerations, now drawing to a close, will suffice 
to give the reader clear ideas upon the nature and origin, advantages and 
disadvantages, of the graphical statics. The determination whether he will 
enter more fully into the subject—it may be, even take part in its develop- 
ment (there is abundance of room for workers), and in this case the choice 
of direction may thus be facilitated. 

The graphical statics is certainly suited, especially in extended applica- 
tions of the geometry of position, to furnish many new points of view, and 
in a practical respect it can often greatly simplify. Whoever has really 
studied the new methods must admit this. 

On the other hand, the importance of the graphical statics is sometimes 
exaggerated. It appears out of place when in works designed for practice 
graphical solutions are given of problems which any reasoning being can 
almost solve in his head. 

Such solutions may find a place in special text-books upon the subject, 
where they may, indeed, be desirable for completeness. 

If it is desired to make two independent investigations of stability, as 
for large and important constructions is always desirable, it will be found 
of advantage, if a suitable graphical solution exists, to make the first deter- 


. mination graphically. Nothing more ensures a conviction of the correct- 


ness of an investigation than a correspondence of the graphical and cal- 
culated results. 


XI. 
LITERATURE UPON GRAPHICAL STATICS. , 


We have already referred in VI. to the most important contributions in 
the branch of graphical statics, and now annex a list of the literature upon 
the subject so far as known to us. 

Where several works treat of the same subject, we have allowed ourselves 
a brief critical notice. Opportunity is thus given to those who would take 
part in the development of graphical statics to make themselves acquainted 


~ with all existing works, and at the same time the practical man is enabled 


in any case that may come up to inform himself as to where assistance 
may best be sought. A short remark to specify the contents may in this 
respect often help in the right direction. The succession is in each division 
chronologically arranged 

Although the literature of the subject would seem from the following 
tolerably extensive, still the number of pure geometrical solutions in 


- which no analytical formule appear is much less, Publications upon the 


subject would, moreover, beyond doubt, be still more numerous were it 
not for the difficulty and cost of production of lithograph plates, 
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I. TEXT-BOOKS UPON GRAPHICAL STATICS. 

Uulmann, K.—“ Die graphische Statik.” With Atlas of 36 Plates. Ziirich- 
Meyer and Zeller, 1866. [I. Part, 1864: Elements and Graphical 
Investigations of Structures. Also, second edition, first volume, 
1875, with 17 Plates. General Principles, second volume, to follow 
shortly. ] 

Bauschinger—“ Elemente der graphischen Statik.” With Atlas of 20 
Plates. Miinchen, 1871. [Without the aid of modern geometry, and 
without practical applications. Admirable exposition of the Princi- 
ples.]_ 

Reuleauz.—An outline of the graphical statics is to be found in “ Der Con- 
structeur,” by Reuleaux, third ed. Braunschweig, 1872. 

Levy—‘‘ La Statique Graphique et ses Applications.” Paris, 1874. With 
Atlas of 24 Plates, [Principles and several applications; clear and 
elegant exposition of the subject. ] 

Otto, K. von—‘ Die Grundziige des graphischen Rechnens und der gra- 
phischen Statik.” Prag, 1872, pp. 107. [English translation, by G. 
S. Clarke. Small rudimentary treatise.] 

Favaro, Antonio—‘‘Lezioni di Statica Grafica.” Padua, 1877, pp. 650. 
[Containing introduction to Geometry of Position. ] 

Il. PAPERS UPON THE GRAPHICAL STATICS. 

Most—“ Ueber eine allgemeine Methode, geometrisch den Schwerpunkt 
beliebiger Polygone und Polyeder zu bestimmen.” Archiv d. Math. 
und Phys., IL. (1869), p. 355. [Also applicable to curve areas, with- 
out equilibrium polygon. ]} 

Culmann, K.—‘‘ Ueber das Parallelogram und tiber die Zusammensetzung 
der Kriifte.” Vierteljahrsschr. d. Naturforsch. Ges. zu Ziirich, 1870, 
[Correspondence of the graphical statics with the Statics of Pliicker.] 

Mohr—* Beitrag zur Theorie der Holz- und Eisenconstructionen,.” Zeitschr. 
d. Hannéy. Arch. u. Ing. Ver., 1870, p. 41. [Relation between the ° 
neutral axis and centre of strains. | 

Grunert, J. A.—‘ Ueber eine Graphische Methode zur Bestimmung des 
Schwerpunktes eines beliebigen Vierecks.”” Arch. d. Math. u. Phys., 
LIL. (1871), p. 494. [Simple and brief. Compare also L., p. 212.] 

Uremona, B.—“ Le figure reciproche nelle statica grafica.” With 5 Plates. 
Milan, 1872. German translation in Zeitschr. d, Ost. Arch, u. Ing. 
Ver., 1873, p. 230. [Force and equilibrium polygon as reciprocal 
figures. } 

Du Bois, A. J.—‘‘ The New Method of Graphical Statics.” Van Nostrand’s 
“Engineering Magazine,” Vol. XII, Nos. 74,75, 76, 77, 78. [General 
properties of force and equilibrium polygons, with practical applica- 
tions to bending moments, and several important mechanical problems, 
Also, Maxwell’s Method applied to bridges, roof trusses, ete.) Sepa- 
rate reprint, 1875. Van Nostrand, New York. 

Weyrauch, J. J— Ueber die graphische Statik—zur Orientirung.” Leip-- 
zig, 1874. [Historical and critical.] 

Favaro, Antonio—“ La Statica Grafica.” .Venice, 1873. [Historical and - 
critical. } 

/ 
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Eddy, H. T.—‘ New Constructions in Graphical Statics.” Reprint from 
Van Nostrand’s ‘“‘ Engineering Magazine,” 1877. (Treats of braced 
arch and continuous girder.) 


lil APPLICATION TO THE SIMPLE GIRDER. 


Culmann, K.—‘‘Der Balken.” Third chap. of d. graph. Statik, 1866. 
[Contains also the construction of the inner forces. ] 

Vojdcek—‘“‘ Graphische Bestimmung der Biegungsmomente an kurzen 
Tragern.” Zeitschr. d. Vereins Deutsch. Ing., 1868, p. 503. [Graphi- 
cal interpretation of analytical relations, ] 

Cotterill, J. H—“On the Graphic Construction of Bending Moments.” 
“Engineering,” 1869 (VIL), p. 32. [Equilibrium polygon for the sim- 
ple truss, with references to Reuleaux and Culmann. | 


‘Winkler, H.—‘t Einfache Triger,” ‘Theorie der Bricken,” ‘ Aecussere 


Kriifte gerade Trager.” Wien, 1872. [Simultaneous presentation of 
analytical and graphical methods. } 

Ott, K. ven—‘‘ Wirkung paralleler Krifte auf einfache Triger mit Gerade 
Liingenachse.” In die Grundztige d. graph. Rechnens u. d. graph. 
Statik. Prag, 1872, p. 28. [The most elementary principles pertain- 
ing te composition of forces in a plane are prefaced. } 


IV. APPLICATION TO THE CONTINUOUS GIRDER. * 


Oulmann, K.—‘ Der continuirliche Balken.” Fourth chap. of the Graph. 
Statik, 1866. [With examples—the moments at the supports are 
analytically determined. } 

Mehr—* Beitrag zur Theorie der Holz- und Eisenconstructionen.” Zeitschr. 
d. hannév. Arch. u. Ing. Ver., 1868, p. 19. [Completion of Culmann’s 
method—the moments at the supports are graphically determined. } 

Lippich—“ Theorie des continuirlichen Trigers Constanten Querschnitts,” 
Wien, 1871. Separate reprint from Forster’s Bauzeit., 1871, p. 103. 
[Graphical method, together with elementary analytical.] 

Ritter, W.—‘ Die elastische Linie und ihre Anwendung auf den continuir- 
lichen Balken.” Zirich, 1871. [Mohr’s method—given as a supple- 
ment to the Graph. Statik of Culmann. ] 

Winkler, H.—‘ Continuirliche Triiger. Theorie der Briicken—aeussere 
Krafte gerade Triger.’”” Wien, 1872. [The Mohr-Culmann method, 
together with analytical.] 

Bolin, J.—‘ Geometrische Theorie der continuirlichen Triger.” Mitth. d. 
Arch. u. Ing. Ver. in Bohmen, 1878. 


“Greene, Chas. H.—‘ Graphical method for the analysis of Bridge Trusses ; 


extended to Continuous Girders and Draw Spans.” New York, 1875. 
[Moments at supports found by successive approximation, or balancing 
of moment areas. ] 


VY. APPLICATION TO FRAME WORK. 


Oulmann, K.—‘‘ Das Fachwerk.” Fifth chap. Graph. Statik, 1866. [Most 
general form of parallel truss, suspension truss, Pauli’s truss, roof 
trusses, ] 
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Keck, W.—‘‘ Ueber die Ermittelung der Spannungen in Fachwerk trigern 
mit Hilfe der graphischen Statik.” Zeitschr. d. hannéy. Arch. u. Ing. 
Ver., 1870, p. 153. Separate reprint, Hannover, 1872. [Presentation 
of the method with reference to practice. ] 

Jenkin—“ On the Practical Application of Reciprocal Figures to the Cal- 
culation of Strains in Frame-work. Transact. of the R. Soc. of Edin- 
burgh, 1870, (XXYV.) p. 441. 

Maxwell, Prof. Clerk—‘ Reciprocal Figures, Frames, and Diagrams of 
Forces.” Trans. of R. Soc. of Edinburgh, 1869-70. 

Unwin—“ Iron Bridges and Roofs.” London, 1869. [Application to root 
trusses, wind force, etc. ] 

Ranken, F, A.—‘*The Strains in Trusses,” New York, Appleton, 1872. 
[Examples of simple trusses drawn to scale. ]} 

Bow, Robert H.—“ Economics of Construction in Relation to Framed Struc- 
tures.” London, 1873. [Application of Maxwell’s Method only to 
roof trusses, etc. ] 

Ott, K. von—“ Das Fachwerk.” In Grundziige d. graph. Rechnens u. d. 
graph. Statik. Prag, 1872. [Roof trusses, truss fixed at one end and 
free at the other, bridge trusses. ] 

Reuleauz—“ Hilfslehren aus der Grapho statik.” Second chap. of the Con- 
structeur, third ed., 1872. [Compound truss, roof trusses, etc. ] 

Schaffer— Graphische Ermittelung der Ordinaten des Schwedler’schen 
Triigers.” Zeitschr. fir Bauwesen, 1873, p. 237. [Proceeding from 
the equation for the same. ] 

Heuser—‘‘Graphische Ermittelung der Ordinaten des Schwedler’schen 
Triigers.” Zeitschr. f. Bauwesen, 1873, p. 523. [Preceding method 
simplified—another by means of equilibrium polygon. ] 


VI. APPLICATION TO THE IRON ARCH. 


Oulmann, K.—‘‘ Der Bogen.” Sixth chap. der graph. Statik, 1866. [Con- 
tains also the inverted or suspended arch. The arch as a rigid body.] 

Durand- Claye, A.—* Sur la vérification de la stabilité des arcs métalliques 
et sur ’emploi des courbes de pression.” Ann. d. ponts et chauss., 
1868, sem. 1, p. 109. [Mery-Durand pressure curves, but with refer- 
ence to the absolute resistance of the material. } 

Frankel, W.—“ Zur Theorie der elastischen Bogentriiger.” Zeitschr. d. han- 
nov. Arch. u. Ing. Ver., 1869, p. 115. [Following out Mohr’s idea of 
the equilibrium polygon as elastic line. } 

Mohr—“ Beitrag zur Theorie der elastischen Bogentriiger.”  Zeitschr. d. 
hanndy. Arch. u. Ing. Ver., 1870, p. 889. [Criticism of the preceding 
method, and giving another. ] 

Véla—“ Beitriige zur graphischen Berechnung elastischer Bogentriiger mit 
Kiimpfergelenken.” Mitth. d. Arch. u. Ing. Ver., in B6hmen, 1873. 

Greene, Chas. H.—‘ Graphical Analysis of Roof. Trusses.” Chicago, 1877, 
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VIL. APPLICATION TO THE ARCH. 


Cousinery, H. B.—‘ Application des procédés du calcul graphique & divers 
problémes de stabilité.” -Fourth chap. of Calcul par le Trait. Paris, 
1839, [With especial reference to the strength of abutments—pure 
graphical treatment. ] 

Mery—* Mémoire sur l’équilibre des voutes en berceau.” Ann. d. ponts 
et chauss., 1840, sem. 1, p. 50. [Geometrical determination of every 
possible pressure curve. ] 

Culmann, K.—“ Der Bogen.” Sixth chap. of Graph. Statik, 1866. [Con- 
taining also arch centerings; exact discrimination of support and 
pressure line. ] : 

Durand-Claye, A.—‘ Sur la vérification de la stabilité des vofites en 
magonnerie et sur l’emploi des courbes de pression.’ Ann, d. ponts 
et chauss., 1867, sem. 1, p. 63. [Reference to relative resistance of 
material. } 

Harlacher, A. R.—“ Die Stutzlinie im Gewidlbe.” Tech, Blitter, 1870, p 
49, [Practical method by inscription of support line, according to 
Culmann. | 

Heuser—“ Zur Stabilititsuntersuchung der Gewélbe.” Deutsche Bauzeit. 
1872, p. 365. [Also methods for unsymmetrical form and load.] 


VIL APPLICATION TO RETAINING WALLS. 


Poncelet, J. Vim‘* Mémoire sur la stabilité des revétements et leur fonda- 
tion.” Mem. de Voff. du Génie, 1838 (XIII); separate reprint, 
Paris, 1840. [First analytical graphical theorie. ] 

Cousinery, H. B.—‘‘ Application des procédés du calcul graphique a divers 
problémes de stabilité.” Fourth chap. of ‘Calcul par le Trait,” 1839. 
[Pure graphical, without formule. ] 

Saint-Guilhem—‘‘ Mémoire sur la poussée des terres avec ou sans sur- 
charge.” Ann. d. ponts et chauss., 1858, sem. 1, p. 319. ‘(Further 
development and generalization of Poncelet’s Theory. ] 

Rankine—‘‘ Manual of Civil Engineering.” London, fourth ed., 1865. 
[Containing graphical construction of pressure parallel to earth sur- 
face upon vertical wall.] 

Culmann, K.—‘‘ Theorie der Stiitz- und Futter-Mauern.” Eighth chap. of 
Graph. Statik, 1866. [With use of equilibrium polygon, pressure 
upon tunnel arches. } 

Holzhey, H.—“ Beitriige zur Theorie des Erddrucks und grap-tische Bestim- 
mung der Stiirke von Futter-Mauern,.” Mitth. tiber Gegenst. d. Artill. 
und Geniewesens; separate reprint, with two plates, Wien, 1871. 
[Point of application of earth pressure for complicated contour. ] 

Mohr—“ Beitriige zur Theorie des Erddrucks.”  Zeitschr. des hannov. 
Arch. u. Ing. Ver., 1871, p. 844. [Point of application of earth pres- 
sure and new analytical theory. ] 
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Winkler, 2.—“ Neue' Theorie des Erddrucks,” Wien, 1872. [Containing 
graphical methods according to the old theory. ] 

Haseler, O.—* Beitriige zur Theorie der Futter- und Stiitz-Mauern.”  Zeit- 
schr. d. hannéy. Arch. u. Ing. Ver., 1873, p. 36. [Graphical deter- 
mination of earth pressure according to Culmann.] 


MISCELLANEOUS APPLICATIONS. 


Reuleaux—‘ Die graphische Statik der Axen und Wellen.” Published by 
polytech. Ver, in Ziirich, 1863. [Autograph copy of lectures.] 

Culmann, K.—‘* Der Werth derConstructionen.” Seventh chap. of Graph. 
Statik, 1866. [Best and cheapest systems under given conditions, 
especially for bridges. ] 

Reuleaux—* Graphostatische Berechnung verschiedener Axen, Kranpfosten, 
Kurbeln,” in the Constructeur, third ed., 1872. 


Scattering graphostatical constructions are to be met with in many text- 
books upon construction, especially since the appearance of Culmann’s 
work, a second edition of which is in course of preparation, and expected 
soon to appear. . 


XI. 


GRAPHICAL DYNAMIOS, 


. The scientifie or practical value of graphical solutions once recognized, 
there remains no reason for limiting them to statical problems only, and 
endeavors in the above direction are already forthcoming. We limit our- 
selves to a passing notice. 

First, we have an attempt to employ graphical constructions in the 
theory of the overshot and breast-wheel (Seeberger, ‘* Arbeitung der Theo- 
rie der oberschlichtigen Wasserrider auf graphischen Wege.” Civil Ing. 
1869, p. 398, and 1870, p. 339). We cannot here notice the value of the 
solutions given, but the very sparing applications of geometry hardly jus- 
tify the title of the work. 

A short article, which gives the graphical determination of the force at 
every position of a moving point, may also be noticed. (Rapp, “ Zur 
graphischen Phoronomie,” in Zeitsch. f. Math, u. Phys., 1872, p. 19.) 

The genuine foundation of a graphical dynamics has been first attempted 
by Préll (“ Begriindung graphischer Methoden zur Lésung dynamische 
Probleme,” in Civil Ingenieur, 1873). From the fact that the effects of 


_ forces in dynamics are measured by the changes of velocity of any point or 


points of a machine system, Préll concluded that it must be possible to 
represent these force effects by geometrical ogee such as kinematic 
geometry teaches. 

His investigations, since published in independent form (‘ Versuch 
einer graphischen Dynamic,” with 10 plates, 1874), fall into three parts. 
The first part treats of the action of the “ outer forces” in machines whesc 


aaa material point. The third part, finally, brightens the motion 


= 


re) rigid invariable systems acted upon by given forces. 
Tn the course of the development extended use is made of analytical 
The work is but the beginning of the future structure, but this — 
ning will be thankfully received by all those with whom graphical — 
s have found = aa 
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PART £: 
GENERAL PRINCIPLES, 


CHAPTER I. 
FORCES IN THE SAME PLANE—COMMON POINT OF APPLICATION. 


1, Notation, etc.—In order that a force may be “ given” or 
completely determined in its relations to other forces, we must 
know not only its ¢tensity, but also its direction, and the posi- 
tion of its pownt of application. These three being known, the 
geometrical expression of our knowledge is very simple. We 
have only to assume a certain length as the unit of force, and 
then any force is at once given by the length, direction, and 
position of a straight line. This method of force representa- 
tion is so obvious, that it is in fact used in mechanics, even 
where the treatment itself is essentially analytical. 

Unless expressly stated, all the forces with which we have to 
do, will be considered as lying and acting in the same plane. 
Graphically then, any force is completely determined by a 
straight line, the beginning of which represents the point of 
application, and the length and direction of which give the in- 
tensity and direction of the force. 

We shall indicate a force in general by the letter P, its point 
of application by A. When we have several forces we repre- 
sent the points of application by A,, Ag, Ag, etc., and the ends 
of the corresponding lines by P,, P2, P3, etc. The direction in 
which a force is supposed to act is thus uninistakably indi- 
cated. 

When, however, lines representing several forces are laid off 
one after another, the beginning of each at the end of the pre- 
ceding, it will be sufficient to put 0 at the beginning of the 
first, and 1, 2, 3, etc., at the end of each. No confusion can 


- arise, as each force acts and reaches from the point indicated 


by the figure which is one Zess than its index, to the point indi- 
cated by that index. 

When, finally, we designate a force by the two letters or fig- 
ures which stand at the beginning and end, we shall always 
indicate by the order in which the letters or figures are written, 
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the direction of action of the force, first naming the point of 
application, and then'the end. 

A force due to the composition of several forces, as P,, Pa, Ps, 
we denote by P,; or R,s. Thus R,s denotes the resultant of 
the forces P,, P., and P,. 

2. Paralielogram of Forces.—If two forces, P, and P,, 
given in direction and intensity by the lines OP, OP, [Fig. 1, 
Pl. 1], have a common point of application O, the resultant 
R,, is found by the well known principle of the “ parallelo- 
gram of forces,” by completing the parallelogram as indicated 
by the dotted lines, and drawing the diagonal. OR then gives 
the resultant of the forces P, and P,. If this resultant acts in 
the direction from O to R, as indicated by the arrow, it replaces 
P, and P,; that is, it produces the same effect as both forces 
acting together. If it were taken as acting in the opposite 
direction —7.¢., from O outwards, away from R—it would hold 
the forces P, and P, in eguilibrium. 

Now, we see at once that it is wnnecessary to complete the 
parallelogram. It is sufficient to draw from the end of the 
force P, the line P, R 7 the same direction that P, acts in, and 
make it equal and parallel to P,. The point R thus found is 
the end of the resultant R, or is a point upon the direction of 
the resultant prolonged through O. 

As to the direction of action of the resultant—if we follow 
round the triangle from O to P, and from P, to R and R to O 
—i.¢., if we follow round im the direction of the forces—the 
direction for the resultant from R to O thus obtained is, as we 
have already seen, the direction necessary for egualibrium. 

3. Lf, instead of two forces, we have three or more, as P,, Ps, 
P;, P, [Fig. 2] we still have the same construction. Thus com- 
pleting the parallelogram for P, and P, we find R,, Complet- 
ing the parallelogram for R,, and P,, we find R,s, and again, 
with this and P, we obtain R,4 Again, we see it is unneces- 
sary to complete all the parallelograms. We have only to draw 
lines P, Ry», Rio Ris, Ris Ria, parallel to the forces P, P, and 
P, respectively, and equal in length to the intensities of these 
forces, and then, no matter what may be the number of forces, 
the line drawn from the point of beginning to the end of the 
last line laid off will give the intensity and position of the 
resultant. As to direction, the same holds good as before. 

If the end of the last line laid off as above, should coincide - 
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with the point of beginning, there is, of course, no resultant, 
and the forces themselves are in equilibrium. 

4, The polygon formed by the successive lay*ng off of the 
lines parallel and equal to the forces, we call the “force poly- 
gon.” Hence we have the following principles established : 

Tf any number of forces having a common point of appli- 
cation and lying im the same plane, are in equilibrium, the 


“ force polygon” is closed. 


If the “ force polygon” is not closed, the forces themselves 
are not in equilibrium, and the line necessary to close it gives 
the resultant in intensity and direction. 

This resultant, if considered as acting in the direction ob- 
tained by following round the “ force polygon” with the forces, 
will produce equilibrium—acting in the opposite direction, it 
replaces the forces. 

The resultant thus found in intensity and direction can be 
inserted in the force diagram at the common point of applica- 
tion. 

5. Thus, required the position, intensity, and direction of the 
resultant of the forces P,, P., P;, P,, P;. 

These forces are given in position, direction, and intensity 
by the force diagram, Fig. 3 (a). The resultant of all these 
forces must have of course the same point of application A as 
the forces themselves—it remains to find then its relative posi- 
tion and the direction of its action, so that we may properly 
insert it in the force diagram. 

We have simply to draw the force polygon, Fig. 3, (0) by lay- 
ing off successively O P,, P; P,, etc., equal, parallel, and in the 
same direction as the forces P,, Py, etc., as given by Fig. 8 (a). 
Then the line P; O necessary to close the force polygon gives 
the intensity of the resultant, and in order to replace P,, it 
must act in the direction from O to Ps; 7.¢., contrary to the 
order of the forces. If then in Fig. 3 (a) we draw A R,; equal 
and parallel to O P;, we have the resultant applied at the com- 
mon point of application A, and given in position, intensity 
and direction. 

Moreover, it is evident that any diagonal of the force poly- 
gon as R,, [Fig. 3 ()] is the resultant of P,,, and acting in the 
direction from P, to P,, it holds Py, in eguilébrium. But it is 
also the resultant of P,, P., P;, and R,s, and acting in the same 
direction as before, it replaces these forces. The force polygon 
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thus shows that the force which replaces P,, Po, P;, and R,,, at 
the same time holds P, and -P, in eqguilkbrium, just as it should 
do. 

If, on the other hand, we had originally only P,, P., Ray, Ps; 
and R,,;, forming a system of forces in equilibrium, we could 
decompose Ry, into two components by simply assuming any 
point as P, [Fig. 3 (b)] and drawing P; P,, P; P,. Then follow- 
ing round this new polygon in the direction of the forces, or, 
what amounts to the same thing, taking the direction of the 
components P; P,, opposed to the direction of Rg, for equilibri- 
um, we obtain the direction of action of Ps and P, as shown by 
the arrows in Fig. 3 (6), These forces inserted in Fig. 3 (a), in 
the place of Rg, and in these directions, will not disturb the 
equilibrium. 

Hence, any diagonal in the force polygon, is the resultant 
of the forces on either side, holding in equilibrium those on 
one side and replacing those on the other, according to the 
direction in which it is conceived to act. 

Also, any force or number of forces may be decomposed into 
two others in any desired direction, by choosing a suitable 
point in the plane of the force polygon and drawing lines 
Srom this point to the beginning and end hop the force or force 
polygon. 

6. It matters not in what Order we lay off the Forces in 
the Construction of the force Polygon.—Thus, in Fig. 1, 
whether we draw from the end of P, the line P, R,», equal and 
parallel to P, or from the end of P, the line P, R,» equal and 
parallel to P,, in either case we obtain the same resultant and 
the same direction for the resultant. But by a similar change 
of two and two, we can obtain any order we please. For exam- 
ple, we lay off in Fig. 3 (c) the same forces in the order P, P, 
P,, P; P,, and obtain precisely the same resultant, in the same 
direction as before. For, the resultant of P, and P, must be 
the same as that of P, and P, in the first case. The resultant 
of Rs, and P, must then be the same in both polygons, and so 
on. 

Generally, then, no matter what the order in which the 
forces are laid off, the line necessary to close the force polygon 
is the resultant of the forces, and the diagonals of the force 
polygon give us the resultants of the forces on either side. 

By assuming a point at pleasure, and drawing lines from this 
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point to the beginning and end of any side of the force poly- 
gon, and taking the direction of these lines opposed to the 
direction of that side, we can decompose any force in the force 
polygon into its components. Thus the force polygon gives us 
complete information as to the action of the forces. 

7%. If the Forces act in the same straight Lime, the force 
polygon of course becomes a straight line also, and the result- 
ant is the sum or difference (algebraic sum) of the forces. 

Thus, if we have P,, Py, Ps, all acting at the point A, as 
shown by the force diagram Fig. 4 (a), we form the force poly- 
gon by laying off from 0, Fig. 4 (0), the intensity of P,, from 
the end of this line P, P, equal to A P, and from Py, P, P, 
equal to A P;. Then the line necessary to close the polygon is 
evidently 0 P; = P, + P,—P;. A single force acting then at A 
in the direction of and having the intensity represented by the 
line 0 P; would replace P,, P,, and P;.. If acting from P; to 0, 
it will produce equilibrium. 

If we again choose an arbitrary point as C [we shall hereaf- 
ter call this point the “ pole” of the force polygon], and draw 
lines Sy S; from this pole to the beginning and end of the force 
polygon, we can decompose the resultant into two forces in any 
required direction. If the resultant is supposed to act down, 
then the arrows show the direction in which these components 
must act in order to replace the resultant. If then at A we 
draw lines parallel and equal, we have these components in posi- 


_ tion, direction, and applied at the common point of application. 


8, Practical Applications.—Simple and even self-evident 
as all the preceding may seem, we have already acquired all 


_ the principles requisite for a rapid, accurate, and very elegant 


method of finding by diagram the strains in the various mem- 
bers of all kinds of framed structures, such as roof trusses, 
bridge girders, cranes, etc., no matter how complicated the 
structure, or what special assumptions are made as to the load- 
ing, provided only, that all the exterior forces are known. A 
complicated or unsymmetrical arrangement of parts increases 
greatly the labor of calculation, but has no effect upon the ease 
or accuracy of the graphical method. The method moreover 
checks its own accuracy, does not accumulate errors, and shows 
in one view the relation of the strains to each other, and the 
variations which would be caused by a change in the manner 
of load distribution, or in the form of construction. 
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As this method is not as well known as it deserves to be, it 
will perhaps be of advantage to pause for a moment in the 
development of our subject, and make this direct application of 
the principles already established. 


BRACED SEMI-ARCH. 


9. Stoney, in his “Theory of Strains,” Vol. 1, page 123, 
gives the following example of a “braced semi-arch,” repre- 
sented by Fig. 5, Pl. 1. The dimensions are as follows: pro- 
jecting portion, 40 ft. long, 10 ft. deep at wall. Lower flange, 
circular, with a horizontal tangent 2 ft. below the extremity of 
girder. Radius of lower flange, 104 ft. Load uniform and 
equal to one ton per running foot supposed to be collected into 
weights of 10 tons at each upper apex, except the end one, 
which has only 5 tons. 

Fig. 5 shows the arch drawn to a scale of 10 ft. to an inch. 

This scale is too small in this case to ensure good results; in 
general the larger the scale to which the frame can be drawn, 
the better; but for the purpose of illustration it will answer 
well enough. With a large scale for the frame diagram, a 
scale of 10 tons to an inch will in general be found to answer 
well. Fig. 5 (a) gives the strains in the various members to a 
scale of 10 tons to an inch and Fig. 5 (4) 20 tons to an inch; 
the first for the load at the extremity alone, the second for a 
uniform load. 

Fig. 5 (a) is thus obtained. We first lay off the weight, 5 
tons, to scale, in the direction in which it acts; ¢¢., down- 
wards. Now this weight and the strains in diagonal 1, and 
flange A, are in equilibrium, therefore by article (4) the force 


polygon must close. Drawing lines therefore from the ends of © 


the line representing the weight of 5 tons, parallel to these 


. pieces and prolonging them to their intersection, we obtain 


the strains in A and 1, Commencing with the beginning of 
the weight line and following down around the triangle thus 
formed, we find that A acts from right to left, as shown by the 


_ arrow. A acts then away from the apex; it is therefore in 


tension. Diagonal 1 acts towards the apex and is hence com- 
pressed. 
We pass now to apex a, of the frame. Here we have the 
strains in EB and diagonals 1 and 2, and these three strains hold 
each other in equilibrium. The strain in 1 we have already, 
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and know it to be compressive. We have then simply to draw 
lines from 0 and 4 parallel to E and 2, and follow round the 
triangle, to obtain the intensity and quality of the strains in EB 
and 2. We must remember that as 1 is in compression, and 
we are now considering apex a, we must follow round from 0 
to 6 in Fig.5 (a), and so round. We thus find 2 acting away 
from apex @ and therefore in ¢enszon, and E acting towards 
this apex, and hence compressed. 

Pass now to apex c. We have the strains in A and 2 in 
equilibrium with B and 3. [No weights are supposed to act 
except the one at the end.] But A and 2 we already have. 
We draw 3 and B. Diagonal 2 has been found to be in ten- 
sion. With reference to apex c it must therefore act away 
from ¢; 2.¢.,from d to 6 in the force polygon. This is suffi- 


cient to give us the hint how to follow round. We pass from 
. d to b for 2, from 6 to e for A, then from e¢ to B and from B to 


d for B and 3. B is therefore tension and 3 compression, 
And so we proceed. For the next apex g, we have E and 3 in 
equilibrium with F and 4. We draw parallels to F and 4 s0 
as to close the polygon of which we have already two sides, EB 
and 3, given, and remembering that as 3 is in compression, it 
must therefore act towards g, we follow round the completed 
polygon with this to guide us, and find 4 tension and F com- 
pression. Thus we go through the figure, and when all is 
ready we can scale off the strains. The strains in the lower 
flanges it will be observed all radiate from o. The upper 
flanges are all measured off on the horizontal e C, and the dia- 
gonals are the traverses between. We see at once that however 
irregular the structure, we can always easily and readily deter- 
mine the strains at any apex, provided no more than two un- 
known strains are to be found. If more than two pieces, the 
strains in which are unknown, meet at an apex, we can eyvi- 
dently form an indefinite number of closed polygons. The 
problem is indeterminate, and the structure has unnecessary 
or superfluous pieces. 

Fig. 5 (6) gives the strains for a uniform load, taken, for con- 
venience of size, to a scale of 20 tons to an inch. Here until 
we arrived at apex c of the frame the strains are evidently the 
same as before. Observe the influence of the weight at ¢. 
Here we have the-strains in A and 2 given in the diagram, in 
equilibrium with B, 3 and the known weight acting at ¢c; viz., 
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; r 

,, 10 tons. We lay off therefore 10 tons downward from e, Fig. 
as 5 (6), and follow down from e around the polygon. We thus 
b> find B tension and 3 compression. Then 4 and F are fonnd as 
ps . : . 

b before for apex g, 4 tension and F compression; and then we 
ran come to the next apex and the next weight. This is laid off 
3 downwards from the end of the preceding, and then we follow 
a round, finding C tension and 5 compression; and so on. 


10, As another example, let us take the 


ROOF TRUSS, 


: given in Fig. 6, Pl. 2. This truss is given by Stone Vol. L, 
i page 128. Dimensions: span, 80 ft.: rise of top and hottong 4 
oes" flanges, 16 and 10 ft. respectively. Radii, 58 and 85 ft. The 
; figure shows two different kinds of bracing. In the left-hand 
=, . part the extreme bay of the lower flange is half as long again 
| as the others. The upper flange is divided into 4 equal bays. 
*s In the right-hand section, both flanges are divided into 4 equal 
bays, and every alternate brace is therefore nearly radial. Each 
* upper apex in both cases is supposed to sustain a weight of 
3 one ton. 

The strains in the various pieces are given in Fig. 6 (a). 

We form the force polygon by laying off the weights from 0 
to 7 and then laying off the reactions 3.5 apiece, upwards, we 
come back to 0, and the force polygon is closed as it should be,) 
since the sum e the reactions must be equal and opposite to 
“g the sum of the weights. Starting then with the reaction at the 


. left support A, we go through from apex to apex in a manner 
=. precisely similar to the previous case. The operation is so 
= simple that it is hardly necessary to detail it again, but we 
a recommend the reader to go over it with the aid of Fig. 6 (a), 


lettering the figure as he proceeds. The dotted part gives the 
strains for the right-hand half. Si. 


ne) DIAGRAM FOR WIND FORCE. 


be 11. It is of considerable importance to investigate the influ- 

a. ence of a partial load, such as that caused by the wind blowing 

= on one side of the alse, and this by the aid of our method we 
at can easily do. 


From the experimental formule of Hutton,* 


eee * Iron Bridges and Roofs. Unvrin. p. 120. 
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P,=P sin. i 1,84 cos.i—1 
P,=P sin. i 1.84 cos.i 
P= Pot. 1 simi 


where P is the intensity of the wind pressure in lbs. per sq. ft. 
upon a surface perpendicular to its direction, @ is the inclination 
of any plane surface to this direction; P, is the normal pres- 
sure, P;, the horizontal component of this normal pressure, and 
P, its vertical component. 

That is, if the wind blows horizontally, P, is the horizontal 
and P, the vertical component of the pressure on the roof. If 
we take P=40 lbs., which probably allows sufficient margin 
for the heaviest gales, we have the following values of the nor- 
mal pressure and its components for various inclinations of 
roof surface : 


Roof Lbs. per square foot of surface. 
Pr Py Ph 
Bs yes Seva ewe BiG i ses vcche Cones pate Delle aie wersiie, em 
cg NR app ops PED phi SE winded VB ixessdeseanes 1.7 
aS ee pidge Sertas vee dhe ekas SYo0. cs ae ed nidien'e nt 6.2 
808.6 655 Siigisten Fiat OES sanies nad oe EE ety 13.2 
Re pss sD ken Gethine san BOs ok xa petaekae 21.4 
| Re Pata a 2 BOLL. wos PATE hes sca ca tigs-watlaae 29.2 
AE ee BOS. ican oun BOLO. A eth wake 6 eee 34.0 
Mid rab isis. oa SPM we ene cacceeen 140s crien eat aaw te 38.5 
DEEN wall ale Ain a '04 SR wee cha suites (i Serre a 39.8 
ARE hia oA Ute vate olen. eoshe OD < Kathe whey ¢ ous 40.0 


The load at each joint may be taken as equal to the pressure 
of the wind striking a surface whose area is equal to that por- 
tion of the roof supported by one bay of the rafter, and inclined 
at the same angle as the tangent to the rib at-the joint. Thus 
we can calculate P,, P:, Ps, P,, (Fig. 6), resolve these forces into 
their horizontal and vertical components, and find the reactions 
at the supports as well as the horizontal force at the left abut- 
ment, which in our construction is supposed to be fixed. Should 
the wind be supposed to blow from the right side, the strains 
would be entirely different, and it would be necessary to form 
a second diagram. Each piece must be proportioned to resist 
the strains arising in either case. The forces P,, and their 
horizontal and vertical components, as also the reactions, being 
known, we can now form the force polygon. 

Thus in Fig. 6 (0), we lay off the forces P,,, make a ¢ equal 


= LX: 
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to the vertical reaction at A, a 6=the sum of the horizontal 
components, or the horizontal force at A, and o 6 the vertical 
reaction at the right support. This last ine should close the 
force polygon and bring us back to 0. 

Now starting at the left: support, we have the vertical reae- 
tion @c, the horizontal force a 6, and the wind force P,, in 
equilibrium with A and BE. Closing the polygon by lines par- 
allel to A and E, we obtain the strains in these pieces, E ten- 
sion and A compression. At the next apex we have A and P, 
in equilibrium with 1 and B. Completing the parallelogram, 
we find 1 compression and B compression. At the next apex 
1 and E are in equilibrium with 2 and F, and we find F and 2 
tension and so on. The upper flanges are in compression and 
start from the ends of the forces P,, P., etc. The lower flanges 
radiate from 6. If we were to carry out the construction for 
the rest of the frame, the upper flanges after D would radiate 
from 0. 

A comparison of Fig. 6 (a) and (6) shows that whereas under 
uniform load the strain in 1 is ¢ension, for wind force the same 
brace is in compression. In fact in the first case ad/ the braces 
are in tension, while in the second 1, 3, and 5 are compressed, 
and 8 and 5 quite severely. The strains in the bracing gener- 
ally are much greater in the second case. 

Were we to consider the wind as blowing from the other 


side, or what is the same thing, suppose the right end fixed and ~ 


the left supported on rollers, then the horizontal reaction a 6 
will be applied at the right abutment. In this case the lower 
flanges will radiate from @ instead of 6, and the first upper 
flange will start from o. Supposing the first two lines of this 
new diagram drawn, as indicated by the dotted lines, and fol- 
lowing round from # to 0, and so round to @ and back to 4, it 
may easily happen that the last upper flange is in tension and 
the last lower flange in compression ; that is, a complete reversal 
of the ordinary condition of strain. 

For an excellent presentation of the above method, we refer 
the reader to Tron Bridges and Roofs, by W. C. Unwin, pp. 
128-140. The above method is there referred to as “Prof. 
Clerk Maxwells Method,’ and as such is known and used in 
England.* 


* Phil. Mag., April, 1864, and a Paper read before the British Association fox 
the Advancement of Science, by Prof. Maxwell, in 1874. 
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BRIDGES. 

12, For bridges the strains due to a uniform load are of 
course easily found. In most cases a rolling load can be man- 
aged also, without making a separate diagram for each position 
of the load. Thus, if we diagram the strains for the load at 
the first and last apex, the strains due to intermediate loads 
will be multiples or submultiples of these, provided all the 
bays are equal. <A calculation for a simple Warren girder of 
small span, and a consideration of the reaction for each position 
of the load, will at once illustrate what is meant. [Compare 
Stoney, Zheory of Strains. Pp. 99-111, Vol. I.] 

Thus Stoney, in his Theory of Strains, Vol. I., p. 99, gives 
the girder represented in Fig. 7, Pl. 2, span 80 ft., depth of 
truss, 5 ft., 8 equal panels in upper flange, 7 in lower. 

For the first weight of 10 tons, P,, the strains are given by 
Fig. 7 (a) to a scale of 10 tons to an inch. We form first the 
force polygon by laying off from 0, 10 tons, to P,. From the 
end of this line we. lay off upwards the reaction at right abut- 
ment = } of 10 tons, or 1.25 tons; and then the reaction at the 
left abutment = 7 of 10 tons, back to 0, thus closing the force 
polygon. [Note——In any structure’which holds in equilibrium 
outer forces, the force polygon must close. If it does not, there 
is no equilibrium, and motion ensues (see Art. 20).] Com- 
mence now with the reaction at a@ in the frame diagram, Fig. 7, 
because here we have a known reaction, @ 0 (force polygon), 
and only ¢wo unknown strains to be determined. Drawing 
lines .parallel to A and 1, we obtain the strains in A and 1. 
Then pass on to apex 4. With the now known strain in 1, we 
can determine 2 and E. 

Passing now to the next apex, we have A and 2 known, and 
also the weight P; Join therefore P, and E [Fig. 7 (@)] by 
lines parallel to Band 8. Band 8 are both in compression. 
We find diagonal 2 also in compression, and 1 intension. That 
is, both the diagonals under the weight are compressed, as evi- 
dently should be the case. From 4 on we have tension and 
compression alternately. 

Fig. 7 (4) gives the strains due to the ast position of the load 
P,. The strains in the diagonals are evidently all equal, and 
alternately tension and compression. 

Now it is not necessary to construct more than these two dia- 
grams. From these two alove we can determine the strains for 
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any intermediate weight. Thus scaling off the strains in Fig, 
7 (a) and (4), we can tabulate them under P, and P,, as shown 
by the table. 


Draconats.| P, | P, | P; | PB | Ps | Pe | Py “ T 

Mh eesaé ave eacal! agit -4eok yas aah 9.6 4a 
"She ae pialendade’edl 741) bale nal ee 
Binoy sinks + tat soe 3.0l- Fal eel ok 1.0 
4..... ceteee — 1.8}+10.6)+ sali 71+ 5.3)/+ 8.5/4 1.8 4+37.2,—1.8 
<A ER RS + 18+ 8.5 8.9—7.1/- 5.8 8.5 1.814 5.31-26.6 
OE ere aide edt ebhs cule ole eee a 
Rabe wapicsss + 1.8)+ 38.5/+ ee 7.1J}— 5.3\— 8.5 — 1.8) +10.6|—17.7 
Bick. rae [19 a5,-39+ nafs nals oe 19)ss7 a0 


Now the reaction at the left abutment due to P, is twice 
as great as that due to P;. Hence the values in the column 
for P, will be twice as great; in the column for P; three times 
as great, and so on. For similar reasons the strain in 5 for 
P, will be twice that for P,. In column P,, then, from 5 
down we multiply the strains in P, by 2. In P; from 7 down 
by 8. Thus we fill out the table of strains completely, and find 
the maximum tension and compression. A similar procedure 
will give the flanges.* 


APPLICATION TO AN ARCH. 


13. For a “braced arch” (Stoney, p. 136) as represented in 
Fig. 5 (c) Pl. 2, the strains in every piece due to any load are 
in similar manner easily found by first finding the components 
of the-load acting at the abutments, and then proceeding as 
above. Thus for a load Py, the left half of the arch is in equi- 
librium with the forces acting upon it; viz., a horizontal and a 
downward force at a, and a horizontal and,an upward force at 
A. The resultant of the forces at @ must then pass through 


* The reader not familiar with the above method of tabulation will find it 


further illustrated in Art. 7 of the Appendix. He cannot do better than te 


refer to it here and now. 


‘ 
} 
a" ae © : ee | _— 
é ie Sees Sat ee 
re wow ie Sone 


ii ot thee 


‘ 


Me 


S30 see 


» 


- =— 


’ : + ‘ . 


CHAP. I.] COMMON POINT OF APPLICATION, 13 


@ and A, and be equal and opposite to the resultant at A. The 


resultant at the right abutment must pass through that abutment, 


and also through the intersection of P, with Aa. So for any 
other force, as Ps, we have simply to draw B @ to intersection 
with P,, and then P, A. We can now decompose P, or P, along 
the resultants through the abutments thus found. Thus resoly- 
ing P, along A @ and P, B, Fig. 5 (e), we find the force acting at 
apex @ This force resolved into A and 1 gives the strains on 
these pieces both compressive. Passing then to the next apex, 
we obtain the strains in 2 and BE. Then to the next, and we 
get 3 and B, compression and ¢ension respectively, and so on, 
as shown by diagram, Fig. 5 (¢), which, it will be seen at once, 
is similar to Fig. 5 (a), already obtained for the “semi-arch,” 
except that the strain in A is less than for the semi-arch and 


-compressive, while BC and D are:in tension. The reason is 


obvious. At a [Fig. 5 (c)] the resultant lies between A and 1, 
and therefore causes compression in both, while it passes out- 
side of the arch entirely, to the right of the apex for diagonals 
3 and 4, and hence causes tension in BCand D. Fig. 5 (d) 


gives the strains due to P,. Here the resultant or reaction at . 


A is first found and resolved into 9 and H, and then we go 
through the frame as before. We see that 4 and 5 under the 


_ load are both compressed, that Ei and F are in tension and G 


and H, as also the entire upper chord, in compression. The 
work checks from the fact that the line closing the polygon 
formed by E and 2 should be exactly parallel to and give the 
strain in diagonal 1, or A and 1 should be in equilibrium with 
the resultant through @ [see Fig. 5 (d)]. 

In every case of the kind we first, then, have to draw the 
Srame diagram. Then lay off the force polygon which should 


close. Finally we construct the strain diagram. The frame - 


diagram should be taken to as large a scale as possible consist- 
ent with reasonable size, and the scale for the force and strain 
diagrams as small as possible, consistent with scaling off the 
strains to the requisite degree of accuracy. A small frame 
diagram does not give with the proper accuracy the relative 
positions and inclinations of the various pieces, so as to ensure 
the proper direction for the lines of the strain diagram. A 
slight deviation from parallelism causes sometimes considerable 
variation. Nevertheless with practice, care, and proper instru- 
ments the accuracy of the method is surprising ; even in com- 
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plicated structures, the variation resulting from performing 
the operation ¢wice being inappreciable. Every symmetrical] 
frame gives also a symmetrical strain diagram, and the acen- 
racy of the work is tested at every point by this double sym- 
metry, and finally by the end or last point of the second half, 
exactly coinciding with the last point of the first half. Thus 
in Fig. 6 (a), if we had but one system of triangulation carried 
through the frame, the strain diagram for the right half would 
be precisely similar and symmetrical to that already found for 
the first, and the end of the last line would fall, or should fall, 
precisely wpon the point 6 of the first. If it does not, and the 
error is too great to be disregarded, then by checking corre- 
sponding points in each half, we can find the point where the 
error was committed. In any case errors do not accumulate. 
Thus, armed with straight edge, scale, triangle, and dividers, 
we can attack and solve the most intricate problems, without 
calculation or tables, with ease, aceuracy, and great saving of 
time. k 


METHOD OF SECTIONS. 


14. The results obtained by the above method are best 
checked in general by Ritter’s “method of sections,” or the 
use of moments.* This consists in supposing the structure 
divided by a section cutting only three pieces. We can then 
take the intersection of ¢wo of these pieces as a centre of mo- 
ments, and the sum (algebraic) of the moments of all the 
exterior forces, such as reaction, loads, etc., upon one of the 
portions into which the structure is divided by the section, with 
reference to this centre of moments, must be balanced by the “4 
moment of the strain in the third piece, with reference to this ; 
same point. Thus in Fig. 6, Pl. 2, required the strain in. D, 
Take a section through D, 7 and H (right half of Fig.), and let f 
a be the centre of moments. The moments of the strains in 7 
and H are then, of course, zero, since these pieces pass through a. 
The moment of the strain in D with reference to a must then 
be balanced by the sum of the moments of all the outer forces 
acting upon the portion to the left (or right) of the section. 

Thus, strain in D multiplied by its lever arm with respect to 
a, is equal to moment of reaction at A, minus sum of the mo- — 
ments of loads between A and a, all with reference to a. If 


* Dach- und Brivcken-Constructionen. Ritter. Hannover, 1873. 
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we take the direction of rotation of the forces on the left of the 
section when in the direction of the hands of a watch as pos?- 
tive, and tind the moment of strain in D negative, it shows 
negative rotation about a, and the strain in D to resist this rota- 
tion must act away from 0, or be tensile. If the resultant 
rotation of the outer forces is on the other hand positive, the 
strain in D must act toward b, and D is therefore compressed. 

This method of calculation, it will be observed, is both sim- 
ple and general. It can be applied to any structure, when the 
outer forces are completely known, and only three pieces are 


_ eut by the ideal section. 


15. It is unnecessary to give here further applications of our ~ 
graphical method. The reader can easily apply it for himself 
to the “ bowstring girder,” bent crane, etc., and satisfy himself 
as to its accuracy, and the ease with which the desired results 
are obtained. 

Enough has been said to indicate the many important appli- 
cations which even at the very commencement of our develop- 
ment of the graphical method we are enabled to make, and 
here we shall close our discussion of forces lying in the same 
plane and having a common point of application. As we pass 
on to forces having different points of application, we shall 
have occasion to develop new principles and relations not less 
fruitful and useful in their practical results.* 


* We refer the reader here to the Appendix to this chapter for further 
illustrations of the application of the above principles, as well as for informa- 
tion upon several points of considerable practical importance. We would also 
remind him here once for all, that the Appendiz to this work was NOT in- 
tended to be disregarded, but has been thought desirable in order to avoid 
encumbering the general principles with too much of detail in the text. We 
earnestly request him to neglect no reference to it which may be made in the 
text. 

He will do well in the present case, after first making himself familiar wi 
the above points, to solve for himself with scale and dividers a number of 
similar problems, checking his results always by the method of moments. 


’ He will thus in avery short time master the method, and be able to solve 


readily and accurately every problem of usual occurrence in practice. 
Though the method is very simple, actual practice with, the drawing board ta 
hore indispensable. 


- 
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CHAPTER II. 


FORCES IN THE SAME PLANE—DIFFERENT POINTS OF APPLICATION.* 


16. Resultant of Two Forces in a Plane—Different 
Points of Application.—lleretofore we have considered 
forces having a common point of application, and have seen 
that in any case the direction and intensity of the resultant is 
easily found by closing the force polygon. 

But suppose we have two forces P, P, having different 
points of application A, A,; required the position and ae 
tion of the resultant [PL 3, Fig. 8]. 

Any force acting in a Slane may be considered as acting at 
any point in its line of direction. 

P, and P, may then be supposed to act at their common 
point of intersection a, and through ¢his point the resultant 
should pass. The case reduces therefore to a common point 
of application. The resultant is given’in intensity and diree- 
tion as before by the force polygon (0), and tts position is deter- 
mined by the point of intersection a. At this point, or at any 
point in the line through a, parallel to 0 2, the resultant may 
be supposed to act. 

But the direction of the forces may not intersect within 
reasonable limits, or the forces may be supposed parallel to 
each other, so that they may not intersect at all. In any case 
the force polygon will still give the intensity and direction of 
action of the resultant, but its position in the plane of the 
forces remains yet to be determined. Now we have seen [ Art. 
5] that we can decompose a force into two cbmponents in any 
desired directions, by choosing a “pole” and drawing lines to 
the beginning and end of the force in the force polygon. Let 
us choose then a pole C [Fig. 8 (b)] and decompose the result- 
ant thus into two forces given in intensity by the lines 0C 
and 2 C. The forces P, P,-being supposed to act at the 
points A, A, in the common plane, at what point in the plane 
and in what direction must the resultant 0 2 be applied to keep 


* This chapter follows the development of Bauschinger as given in his 
‘Elemente der Graphischen Statik.” / 
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this plane and hold the forces in equilibrium? The direction 

of action of the resultant is given at once from the force poly- 

gon [Art. 5 (2)]. It must act in a direction from 2 to 0, and 

must be equal to 2 0, taken to the scale of force. Now at any 

point in the line of direction of P,, as for instance 1, let us 

suppose the component given by C 0 to act. What is then the 

resultant of P, and C 0? A glance at the force polygon gives 

us 1 C, because this line closes the polygon made by C 0, 01 

and 1C. At 1 then, the three forces S (parallel and equal to 

C 0) S, (parallel and equal to 1C) and P, are in equilibrium, 

and there is no tendency of the point 1 to move. But 1 C or 

_§, may be considered as acting in the plane at any point in its 

line of direction; therefore at 2 its intersection with P, pro- 

longed. Suppose at 2,S,or 2C to act. We see at once from 

the force polygon that 2 C, C 1 and Py are in equilibrium. 

There is therefore no tendency of the point 2 to move, and the 

two forces P; P, are then in equilibrium with C0,1C,C1 

and2C. But since the resultant of C 0 and 2 C or of S, and 

S, is also the resultant of the forces, and since it must there- 

fore act through the point of intersection of S, and S,; we 

have only to prolong these lines to. intersection 6. ‘Through 

this point the resultants R,, must pass and acting downwards 

(from 0 to 2) as indicated in the Fig., it replaces P, P,. Act- 

ing upwards it would hold them in equilibrium. We thus 

easily find the point 2 in the plane at which 2 C or 8, must 

be applied, when C 0 or S, acts at 1, and S) §, are thus found 

in proper relative pesition. The position, intensity, and direc- 

tion of the resultant are thus completely determined. 

Had we taken any other point than 1, as the point of applica- 

tion of C 0, we should have found a different corresponding 

_ point for application of 2 C, but in any case the prolongations 

_ of 2 Cand C 0 would intersect upon the line a 2, prolonged if 

s necessary. The same holds true for any position of the “pole” 

C. This construction is evidently general whatever the posi- 

tion or whatever the number of the forces. We may thus 

obtain any number of points along the line a 0; that is, the 
resultant also, may act at amy point in its line of direction. 

[Nore.— That 6 is a point in the resultant of P, and P, can 

be proved in a method purely geometrical. In the two “ com- 

plete quadrilaterals” 012C and 1 b 2 a, the five pairs of 

corresponding sides 01 and a@1,12 and a 2,2 C and b 2,C 0 

2 
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and b1,C land 1 2, are parallel each to sa therefore the 
sivth pair 0 2 and a b must also be parallel ; b is therefore a 
point of the resultant passing through a, parallel to 0 2.) 


17. The above Construction holds good equally well for | be 


Parallel Forees,—By means of it we find in Pl. 3, Fig. 9 @) 
and (6) and Fig. 10 (a) and (0), the resultant of a pair of paral- 
lel forces, in the first case, both acting in the same direction; 
in the second, in opposite directions. 

In both cases we have simply to choose a pole C, and draw 
S, S, and S, Then taking any point ¢ in the line of direc- 
tion of P,, as a point of application for S), draw through this 
point §,, thus finding d, the point of application for 8. §S, 
and §, prolonged, intersect upon the resultant, whose intensity, 
direction, and position thus become fully known. 


18. Property of the Point b.—It is plain that thus a point — 


of intersection 6, through which the resultant must pass, can 
always be found, provided S, and §, do not fall together in 
the force polygon, or intersect without the limits of the draw- 
ing. By properly choosing the position of the pole C, this can 
always be avoided if the points 2 and 0 in the force.polygon do 
not themselves coincide, z.¢., if the force polygon does not close. 

The point d, Figs. 8, 9, and 10, which by reason of the arbi- 
trary position of the pole may lie anywhere upon the resultant, 


-has a remarkable property. If we draw a line m m through 


this point parallel to S,, and let fall from it perpendiculars p, 

and p, upon P, and P,, then in all three cases, and therefore 

generally, the triangle c m 6 is similar to0 C1, and d bn is 

similar tol C 2. Hence we have the proportions— 
O1:1C0ii:em:mb, and 
1C:12:inbind. 

From these proportions we find 
O1:12::emxnb:mbxnd. 


Now the triangles ¢ m b and d n bd have the same height 
above the base mn; the bases m 6 and 6 7 are therefore pro- 


portional to their areas. But their areas are equal to half their 


sides cm and nd multiplied by p, and p, respectively. Hence 
we have from the above proportion, since ¢m = nd, 
01:12::ndxpoindx por 
0O.151:2')5 pe tay 
or Py : Poi i Poi Pr 
That is, the perpendiculars let fall from any point of the 
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resultant upon the components, are to each other inversely as the 
components. Regarding any point of the resultant as a centre 
of moments, the moments of the forces then are equal, and of 
course the forces themselves are inversely as their lever arms. 

19. Equilibrium Polygon.—If we consider the forces P, 
P,, Figs. 8, 9, and 10, held in equilibrium by their components 
C 0,1, and 2 C,C1, which act parallel to the lines S, 8; 
and S,; then regarding the line S, or ¢ d as part of the mate- 
rial plane in which the forces act, C 1 and 1 C balance one 
another, and cause either tension or compression inc d. Sup- 
pose the resultant R is to act so as to cause equilibrium, or 
prevent the motion of the plane due to P,and P, ThenR 
must act upwards in Figs. 8 and 9, and downwards from 2 to 
0in Fig. 10. In Figs. 8 and 9 then, S and S, act away from 
e and d (Art. 4), and in Fig. 10 towards cand d. Following 
round the force polygon, we find in the first two cases ¢ d in 
tension, in the last ¢ d in compression. 

In the first two cases, the points of application ¢ and d of S) 
P, and S, P, if connected by a string stretched between c¢ 
and @ will be perfectly fixed and motionless; while in the lat- 
ter case, the string must be replaced by a strut. In case of 
three or more forces the polygon or broken line which we thus 
obtain, by choosing a pole, drawing lines to the beginning and 
end of the forces in the force polygon, and then parallels te 
these lines intersecting the lines of direction of the forces in the 
force diagram, we call the “ string” or “funicular polygon,” 
or the “strut polygon,’ according as the forces act to cause 
tension or compression along these lines. We can apply to 
both cases the general designation of polygon of equilibrium or — 
“equilibrium polygon.”* The perpendicular let fall from the 
pole C upon the direction of the resultant in the force polygon, 
we call the “pole distance” and shall always designate it by 
H. The straight line joining the points ¢ and d, or the begin- 
ning and end of the equilibrium polyggn, we call the “strut” 
or “te line” or generally the “ closing line” and designate it 
by L. The convenience and application of these terms and 
conceptions will soon appear. In the present case of only ¢vo 
forces, the equilibrium polygon becomes a straight line and 
coincides with L, or c d. 

[Nore.—We repeat that in order to determine the guality of 


* The term “ equilibrium polygon” is preferred to ‘“‘ funicular,” as it ex- 
presses the idea generally, without implying either tension or compression 
alone, in the sides, 
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the strain in ¢ d, we have only to follow round the force poly- 
gon in the direction of the forces, and then refer to the force 
diagram, Thus Fig. 9, at c, P, S) and S, act, and are in equi- 
librium, The corresponding closed figure is given in the force 
polygon (a). -Sp acts away from c, P, acts downwards from 0 1. 
Continuing this direction we find S, acting from 1 towards C. 
Reversing this direction (Art. 4), we find that the resultant 
which replaces S) and P, acts from C to 1. Referring now to 
the force diagram (4), and transferring this direction to the 
point c, we find this resultant acts to pull ¢ away from d or 
contrary to the direction of the foree 1 C which replaces S, and — 
P,. The strain in ¢ d is therefore tension. 

A much better way of arriving at the same result is to con- 
sider the triangle ¢ 6 d as a jointed frame which holds in equi- 
librium the forces P, P,; and Ri, Then the strains in any two 
pieces ¢ d, c b, meeting at a point, are in equilibrium with the 
Sorce or forces acting at that point. 

We have then the force P, acting at apex c, decomposed mto 
strains along cb and cd (Art. 5) represented by CO and1Cin © 
the force polygon. All three are in equilibrium. P, acts 


down. Follow down then from 0 to 1 from 1 to G and C to 0. — S, 


Refer back now.to apex ¢ of the frame and transfer these 
directions. The strain in c d acts away from the apex ¢ and is 
therefore in tension, while the piece ¢ 6 would be in compres- 
sion, since the direction of C 0 is towards apex e. 

See also “practical applications” of the preceding chapter 
for illustrations of this. In the same way follow round 01C — 


Fig. 10 (a) and refer to (0) and S) is in ¢enszon.] 


20. Case of a Couple.—In Article 18 we remarked that the 
pole can always be chosen in such a position as to give S and 
S, intersecting within desired limits, provided that S) and §, or 
the point 0 and 2 do not coincide. This case however actually 
happens, with a pair of equal and opposite forces—that is, with 
a couple. 

Thus in Fig. 11, Pl. 3, we have two equal and opposite forces 
P,, Po. 

The force polygon closes: therefore the resultant. 7s zero. 
S, and §, are parallel, hence their point of intersection in the 
equilibrium polygon is énjinitely distant. By changing the 
position of the pole, we see that S, and S, may take any posi- 
tions in the plane. 
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Two forces therefore which form a couple cannot be replaced 
by a single force. Their resultant is an indefinitely small force 
situated in any position in the plane of the forces, at an infinite 
distance. 

21. Conditions of Equilibrium.—lIf then, similarly to Art. 
4, any number of forces lying in the same plane and having 
different points of application, are in egudzbrium, the force 
polygon always closes. 

For this reason, as already repeatedly seen in the practical 
applications of our last chapter, the force polygon formed by 
the exterior forces must always close. 

But inversely, if the force polygon closes, 7¢ does not follow 


_ that the forces are in equilibrium—a couple may result. 


To determine whether this is the case inspect also the “ equi- 
librium polygon.” If this also closes [%.e., if S) and §, inter- 
sect] the forces are in equilibrium. If this does no¢ close [7.e., 
if S, and §, are parallel] there is no single resultant, but the 
forces can be replaced by a couple, and this couple, as we have 
seen, may have any position in the plane. 

Thus if we suppose in Fig. 11, Pl. 3, P, and P, decomposed 
into their components §), S,, and S,, S., the compressive strains 
in $8, at ¢ and @ are equal and opposite [see (a)]. We have 
then § and §, remaining, which again’ form a couple which 
must have the same action as the first. 

Hence we see that one couple can be replaced by another ne) 
out changing the action of the forces. 

It is easy to determine a simple relation between any two 
couples. 

If from ¢ we lay off ¢ a equal to 0 1, and ¢ 0 equal to Co, we 
have o a parallel to C1 or §,, and diettitore tocd. Joinadand 
od. The triangles cd a and ¢ do having a common base cd 


and their vertices o and a in a line parallel to ¢ d, are equal in 


area. ‘The side ¢ a of one is known, and the opposite apex lies 
in the line of the force P,. Its area is then ¢ a = P, multiplied 
by half of the perpendicular distance of P, from P,, and is 
therefore’ completely determined. So also for the other trian- 
gle, one side of which o ¢ is one force of the new couple, and 
> kha apex of which lies in the other force 8). . 

- Hene couple can be turned at will in its plane of action, 
and the intensity and direction of its forces can be changed at 


will of the area of the triangle the base of which is one of the 


yy 
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new forces, and whose opposite apex lies in the other force, is 
constant ; or when the product of the intensity of the forces 
into their perpendicular distance remains the same. The di- 
rection of rotation, of course, must also remain the same. 

We shall see farther on the significance of this area, or of 
this product—so much is clear, that a couple (or infinitely small, 
infinitely distant force) is completely determined in its plang 
when the direction of rotation is given, and the area of the tri- 
angle or value of the product to which it is proportional, is 
known. The couple itself can be replaced by any two parallel 
equal and opposite forces whatever, if only the triangle having. 
one force as base, and the opposite apex in the other, has a given 
constant area.* 

22. Force and Equilibrium ht fe for any Number 
of Forces in a Plane, 

In Pl. 3, Fig. 12 (b) we have the foroms P,, acting in varions 
directions and at different points of application. P, and Py, 
form a couple ; that is, are equal, parallel, and opposite in di- 
rection. Required the position, intensity and direction of action 
of the resultant. 

First, form the force polygon, Fig. 12 (a), by laying off the 
forces to scale one after the other in proper direction. Thus 
we have 01,1 2,2 3,34,45 in Fig. 12 (a) parallel respec- 
tively to P, P, Ps, etc., in Fig. 12 (6). The line necessary to 
close the polygon, 0 5, is the resultant in intensity and direc- 
tion. In intensity because the length of 0 5 taken to the scale 
of force, gives the intensity of the resultant; in direction 
because acting from 5 to 0 it produces equilibrium, while act- 
ing in the opposite direction, from 0 to 5, it replaces the forces. 

We have, therefore, only to find the position of the resultant 
in the plane of the given forces in Fig. 12 (6). Hence: 

Second, choose anywhere a “pole” as C, and draw the lines 
or rays, or “ strings” Sy S, 8, 8, S, etc. S and S, are evi- 
dently components of the resultant, since they form with it a 
closed figure in the force polygon. 

Third, form the equilibrium polygon a bedeo’, Fig. 12 4); 
as follows: 

Draw a line parallel to S, intersecting P, (produced stan neees- 
sary) at any point as a. From this point draw a Linlé parallel 


* Hlemente der Graphischen Statik. Bauschinger. Miinchen. 1871, Pp 
11, 12. 
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to S, to intersection with P, (also produced if necessary) at d. 
From 8 parallel to S, to ¢, then parallel to S; to d, and finally 
parallel to §,, to intersection e with P;. Through this last point 
draw a line parallel to the last ray S;. Now S, and §; are com- 
ponents of the resultant 05 [Fig. 12 (@)] and are found in 
proper relative position. Produce them, therefore, to intersec- 
tion 0’. Through this point the resultant must pass. raving 
then through 0’, a line parallel to 0 5, we have the resultant in 
proper position, and acting in the direction indicated in the fig- 
ure, it produces eguelibrium. 

Any other point than a, upon the direction of P,, assumed as 
a starting point, would have given a different point 0’; so also 
for any other assumed position of the pole C. But in every 
case we shall obtain a point upon the line of direction of R,, 


‘already found. The reader may easily convince himself of this 


by making the construction for different poles, and points of 
beginning. 

Now the polygon or broken line, a } ¢ d e, we call the egua- 
libriam polygon—that is, et 1s the position which a system of 
strings or struts, 8) S, S2, etc., would assume under the action 
of the given forces at the assumed points of application. 

Thus P, acting at a, is held in equilibrium by the forces along 
S, and §,, P, acting at 6, by S, and S, and so on. If we join 
any two points in the line of direction of &, and §;, as m n by 
a line, we have then a jointed frame, which acted upon at the 
apices a...¢ by the forces P,...P;, and at m and n by & and 
S; is in equilibrium. 

For. S, acting at m, we see from the force polygon may be 
replaced by a force a 0 parallel and opposed to the resultant R 
and a force Ca acting along the line L. In like manner S; may 
be replaced by a C and 5 a@ parallel and opposed to the result- 
ant. The two forces aC and Ca@ being equal and opposed 
balance each other through m n, while the sum of 0 a and 5 @ 
is equal and opposed to the resultant 0 5. There is, therefore, 
equilibrium, and m and n may be considered as the points of 
support of the frame acted upon by the forces P,. . .P; at the 
apices a@...¢,a@0 and 5 @ being the upward reactions at the 
points of support. 

As to the guality of the strains in the different pieces; as 
before the reaction at m, viz., a0, is in equilibrium with the 


strain in mn and ma. Following round, then, in the force 
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polygon from @ to 0, 0 to C and C toa, and referring back to 
the frame, we find strain in m n acting towards apex m, there 
fore compressive ; strain in m a acting away from m, therefore 
tensile. In like manner.§, *, £, are in tension, while S, or d é 
is in compression and §, or e ” in tension. 

Hence we may fix any two points of the equilibrium polygon 
by joining them by a line. The forces acting at these points 
are at once found by drawing from C in the force polygon a 
parallel to this line to intersection with resultant. Thus a C : 
(since we have taken m n parallel to S,) is the force in mm and ; 

. 
2 


a 0, 5 a, are the forces opposed to the resultant at m and n. 

23. Influence of a Couple.—Among the forces in Fig. 12 
there are two, P, and P; which are equal, parallel and opposite, 
the direction of rotation being as indicated by the arrow. Ex- 
amining the equilibrium polygon, we see that the influence of 
the couple is to shift 8, through a certain distance parallel to 
itself, to 83. Now suppose the forces composing the couple \ 
were not given, but the value of the couple known, from the 
direction of rotation and the area of the triangle A, P, Ps, “ 
which has its base equal to one of the forces and a height equal 
to their perpendicular distance. In this case the lines 1 2, and 
8, in the force polygon, would disappear, but we can none the 
less find the point d, and-from this point continue the polygon 
by drawing S, and §;, and thus find the same points e and 0’ as 
before. To do this we have simply to apply the principle 
deduced in Art. 21, that one couple can be replaced by another 
provided the area of the triangle is constant. 

In the present case we must replace the given couple by 
another whose forces are S, and §;, having the same direction 
of rotation. 

Lay off then from a, a 7 equal by scale to S; as given in the 
force polygon. Describe upon §, the triangle a g h equal to 
the given area A, P, P;. Draw g 7%, and then through 4,A& 
parallel to gz The point & is upon the line of direction of 
S,, or in other words the area of the triangle ¢ % a is equal to 
agh. The proof iseasy. The two triangles 7 gh andigk 
are equal, since they have the saine base 7g, and height. But 
if from the triangle a 7g we subtract i g h, we obtain ag A. 
If from the same triangle a7 g we subtract 7g &, which is egual 
toi gh, we obtaint a. Equals subtracted from equals leave 
equals. Hence ik a is equal toagh. 
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If then through & we draw a line parallel to S; and produce 
it to d, we have the same point as before, and thus from d, can 
continue the polygon. 

[ Vote that the direction of rotation shows the side of S; wpon 
which the point k must fall. §, acts away from a [from 1 to 
C in (a)] hence for rotation as shown by the arrow, g must fall 
above §,, and §, is shifted upwards. . 

24, Order of Forces Immaterial.—As in the case of a com- 
mon point of application, so also here, the order in which the. 
Jorces are laid off is immaterial. To prove this for two forces 
is sufficient, as by continued interchange of two and two, we 
can obtain any desired order. 

Let the two forces be P, and P, (Fig. 13, Pl. 3) existing either 
alone, or in combination with others preceding and following. 

Taking the forces first in the order P, P;, we have the equt- 
librium polygon Ss 8, 8;, (6) giving the point @ in the result- 
ant. Taking them now in reverse order, P; P,, we have the 
polygon S, S’,;8’, giving the same point @ in the resultant. The 
resultant in the force polygon (a), viz.,05,is of course un- 
changed in intensity and direction in either case. It is required 
to prove that in the second case the last string 8’, is not only 


parallel to 8, in the first, but coincides with tt. 


This is easy. The resultant of P, P; goes through a, the in- 
tersection of S, and §8;. The same resultant in the second case 
must also pass through the intersection of 8; and S’,.. But §, is 
the same in position and direction in both cases. If the second 
point of intersection does not coincide with a, still it must lie 
somewhere upon 8. Hence as the resultant must pass through 
both points, if must coincide with this last line; viz, 8, But 
this is not possible, as the resultant must also pass through d, 
the point of intersection of the forces, or when these do not 
intersect must be parallel to them. As therefore 8’, must be 
parallel to S; (shown by the force polygon), the intersections in 
each case must coincide, as also the lines 8’,, S; themselves, and 
the polygon from ¢ on has the same course in either case. 

25. Pole taken upon closing line.—We have seen (Art. 
20) that when any number of forces are in equilibrium both 
the force and equilibrium polygon must close. There is one 
exception to this statement. Since the pole may be taken any- 
where, suppose it taken somewhere wpon the line closing the 
Jferce polygon. This line, as we know, is the resultant, and 


26 FORCES IN THE SAME PLANE. [OHAP. It, 


holds the other forces in equilibrium. But now the equilibrium 
polygon evidently wd not close. On the contrary, the first and 
last strings will be parallel. This position of the pole should 
then in general be avoided. For any other position of the pole 
our rule holds good; viz., 

Tf the force polygon closes as also the equilibrium polygon, 
the forces are in equilibrium. If the equilibrium polygon 
however does not close, the forces cannot be replaced by a single 
Sorce but only by a couple. The forces of this couple act in 
the parallel end lines of the equilibrium polygon, and are given 
in intensity and direction of action by the line from the pole 
to the beginning of the force polygon [beginning and end coin- 
ciding]. ) 

26. Relation between two equilibrium polygons with 
different poles,— We may deduce an interesting relation be- 
tween the two equilibrium polygons formed by choosing differ- 
ent poles, with the same forces and force polygon. 

Thus with the forces P, P, P; Py, we construct the force 


polygon Fig. 14 (a), Pl. 4. Then choose a pole C and draw Soy, — 


and thus obtain the corresponding equilibrium polygon §, a6 ed 
S, Fig. 14 (4). Choose now.a second pole C’. Draw S/o, and 
construct the corresponding polygon S‘y a’ 6’ ¢’ d' 8’, [In our 
figure ¢ and ¢’ fall accidentally nearly together. ] 

Join the two poles by a line CC’. Then—any two corre- 
sponding strings of these two polygons intersect upon the same 
straight line MN parallel toC C’. Thus § and 8% intersect 
at g, S’, and §, at 4, S’, and 8, at /, S’, and S, at n,S’, and S, at 
m—and all these points g, 4, 7, m and m, lie in the same 
straight line M N parallel to the line C C’ connecting the 
poles. 

The proof is as follows.* If we decompose P, into the com- 
ponents S, S; and 8‘) 8, these components are given in inten- 
sity and direction by the corresponding lines in the force poly- 
gon. If we take the two first as acting in opposite directions 
from the two last, they hold these last in equilibrium. The 
resultant therefore of any two as S, and S‘, must be equal and 
opposed to that of the remaining two, S, and S;, and both re- 
sultants must lie in the same straight line. This straight line 
must evidently be the line g / joining the intersections of S, 8’ 


* Hlemente der Graphischen Statik. Bauschinger. Miinchen, 1871. Pp. 
18-19. 
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and S$, 8’,. But from the force polygon we see at once that the 
resultant of S, and 84, is given in direction and intensity by 
C C’, and this is also the resultant of S, and 8S’. The line join- 
ing g and & must therefore be parallel toC C’. For the second 
force P, we can show similarly that the line joining & and / is 
parallel toC C’. But Zisa common point of both lines—hence 


-g k and 2 lie in the same straight line parallel to C C’. 


[Nore.— The pure geometric proof is as follows: The two 
complete quadrilaterals 01 C' Cand g k a’ a hawe five pairs of 
corresponding sides parallel, viz.,01 and aa',1C’ anda’ k, 
C0 andag,o0C' anda’ g,1C’ andak ; hence the sixth pair 
are also parallel, viz.,0 C' andg k. In like manner for 1 2 
CC’ andl kb’ b and so on.| 

We can make use of this principle in order from one given 
equilibrium polygon S, a 6 cd §, and pole, to construct another, 
the direction of C C’ being known. For this purpose, having 
assumed the position of the first string 8S’; we draw through its 
intersection g with S, a line MN parallel toC C’.. The next 
string must therefore pass through the intersection a’ of Sy and 
P, and through the point 4, of intersection of the second string 
of the first polygon and the line MN. It is therefore deter- 
mined. The next side must pass through 0’ and J, and 
80 On. . 
[ Vote. Observe that the intersections 7 and 7’ of the first and 
last lines of both polygons must lie in a straight line parallel to 
0 4, the direction of the resultant. ] 

27. Mean polygon of equilibrium.—Since the pole may 
have any position, let us suppose it situated in one of the angles 
of the force polygon. It is evident that the first line of the 
corresponding equilibrium polygon, then coincides with the first 
Jorce. If now the pole be taken at the beginning of the first 
force in the force polygon, then the first side of the correspond- 
ing equilibrium polygon will coincide with the first force, and 
the last line will be the resultant itself in proper position. 

Take for instance, the pole at o in the force polygon, Fig. 15 
(a), Pl. 4. The first side S) reduces to zero. The next §; coin- 
cides with 0 1. In (0) therefore P, is the first side of the equi- 
librium polygon. The next side S, corresponds with S, in (a). 
Thus we obtain the polygon a 6 ¢ d@ e, the last side of which S,, 
as the resultant itself. That is, S, is the resultant of P, and P,, 
8, of P,s, S, of Pj, and soon. Every line in the polygon then 
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is the resultant of the forces preceding, and we call such a 
polygon the mean polygon of equilibrium. 

If we wish to find the mean polygon for P;, we have only to 
take the new pole C’ at 2 in the force polygon (a). According 
to the preceding Art., each side of the new polygon must pass 
through the intersection of the corresponding side of the first 
with the line 8, which passes through @ and is parallel to C C’. 
Thus 8’, must pass through 6’ and o. 8’; through ¢’ and a, and 
s0 on. §’, is the resultant of P,;,, and since 8, is the resultant 
of P,.; S,, the resultant of P,,, must pass through the intersec- 
tion m of 8S’, and §,. 

We observe here again the influence of the couple P,; and P,. 
S, and S’‘, are simply shzfted through certain distances, without 
change of direction, to S, and S’,; and as we have seen above, 
knowing the direction of rotation, and the moment of the couple, 
we might have omitted it in the force polygon and still obtained 
S, and S’, as before. 

28. Line of pressures in an arch,—The practical applica- 
tion of the above will be at once seen in the consideration of 
an arch. Thus with the given horizontal thrust applied ata 
given point of the arch, and the forces P,;, we construct the 
force polygon C o 5, and then the line of pressures a 6 ¢ d. 
[Fig. 16, Pl. 4.] 

Required with another thrust H’ = 0 C’ acting at another 
point, and the same forces P,,, to construct the corresponding 
line of pressures. To do this we have only to lay off o C’ equal 
to the new horizontal thrust, then choose a point of the force 
line, as 3, as a pole and draw the corresponding polygon, 
kopky; the point of intersection, 4, is a point upon the line 
m n parallel to 0 C, and upon this line will be found the inter- 
section of corresponding sides of the two polygons. Thus from 
the intersection of the side a p of the first polygon with m n, 
draw a line too and we have a’. From the intersection 6 of 
the second line of the first polygon draw a line to a’, and we 
have 0’ a’, and so on. 

29.—The preceding articles comprise all the most important 
principles of the Graphical Method which can be deduced in- 
dependently of its practical applications. Future principles 
will be best demonstrated, and at the same time illustrated, by 
considering the various special applications of the method, and 
to these applications we shall therefore now proceed. 
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CHAPTER III. 
CENTRE OF GRAVITY. 


30. General Method.—One of the most obvious applica- 
tions of our method, as thus fur developed, is to the deter- 
mination of the centre of gravity of areas and solids. We 
shall confine ourselves to areas only, merely observing that all 
the principles hitherto developed apply equally well to forces 
in space. The forces being given by their orthographic pro- 
jections upon two planes after the manner of descriptive geo- 
metry, the projections upon each plane may be dealt with as 
forces lying in that plane, and thus the projections of the force 
and equilibrium polygons, the resultant, ete., determined. 

A body under the action of gravity may be considered as a 
body acted upon by parallel forces. The resultant of these 
forces being found for one position of the body [or the body 
being considered as fixed, for one common direction of the 
forces] may have its point of application anywhere in its line 
of direction. 

For a new position of the body [or another direction of the 
forces] there is another position for the resultant. Among all 
the points which may be considered as points of application of 
these two resultants there is one which remains unchanged in 
position, whatever the change in direction of the parallel forces. 


_ This point must evidently lie upon ad the resultants, and is 


therefore given by the intersection of any two. 

It is hardly necessary to give illustrations of the method of 
procedure. 

Generally, we divide up the given area into triangles, trapez- 
oids, rectangles, etc., and reduce the area of each of these fig- 
ures to a rectangle of assumed base. The heights of these 
reduced rectangles will then be proportional-to the areas, and 
hence to the force of gravity acting upon them; %e., to their 
weights. Consider then these heights as forces acting at the 
centres of gravity of the partial areas. Construct the force 
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polygon by laying them off one after the other. Choose a pole 
and draw lines from it to the beginning and end of each force. 
These lines will give the sides of the funicular or equilibrium 


polygon. Anywhere in the plane of the figure, draw a line — 


parallel to the first of these pole lines (S,). Produce it to inter- 
section with the first force (P,), prolonged if necessary. From 
this intersection draw a parallel to the second pole line (S,), and 
produce to intersection with second force (P,). So on to Jast 
pole line, which produce to intersection with first pole line. 
Through this point the resultant must pass, and of course it 
must be parallel to the forces. 

Now suppose the parallel forces all revolved say 90°, the 
points of application remaining the same. Evidently the new 
force polygon will be at right angles to the first, as also the 
new pole lines, each to each. It is unnecessary then to form 
the new force polygon. The directions of the new pole lines 
are given by the old, and this is all that is needed. 

Anywhere then in the plane of the figure, draw a line (S’p) 
perpendicular to the first pole line (S,) previously drawn, and 
prolong to intersection with new direction of first force (Py). 
Through this point draw a perpendicular (S,’) to second pole 
line, to intersection with new direction of second force (P,’) 
and soon. We thus find a point for new resultant, parallel to 
new force direction. Prolong this resultant to intersection 
with first and the centre of gravity is determined. 


{Nore.—lIf the area given has an aavs of symmetry, that can. 


of course be taken as one resultant, and it is then only necessary 
to make one construction in order to find the other. ] 

The given area of irregular outline must, as remarked above, 
be divided by parallel sections into areas so small that the out- 
lines of these areas may be considered as practically straight 
lines. The forces are then taken as acting at the centres of 
gravity of these areas. This division will give us generally a 
number of triangles and trapezoids. 

It is therefore desirable to reduce graphically to a common 
base the area of these triangles and trapezoids, and for this pur- 


pose the following principles will prove of service : 
32. Reduction of Triangle to equivalent Rectangle of 
given Base,—Let } be the base and / the height. Then area 
bh 


= = Take @ as the given reduction base, and let # represent 
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the height of the equivalent rectangle. Then 
bh h _ @ 


5 i PE GE 


Now a, d, and / being given, it is see to find # graphi- 
cally. 

Let A BC be the triangle, and D the middle of the base. 
[Fig. 17, Pl. 5.] Lay off AE=AandAF=a. DrawFD, © 
and parallel to F D draw E x Then A @ is the required 
height. 


For: = 


A & _ AE) x A 
AD AF° 35 a4 


As to the centre of gravity of the triangle, it is at the inter- 
section of the lines from each apex to the centre of the opposite 
side; since these are medzal lines 

33. Reduction of Trapezoid to equivalent Rectangle. 
—In the trapezoid A BC D, Fig. 18, Pl. 5, draw through the 
middle points of A D and B C perpendiculars to D C, and pro- 
duce to intersections E and F with A B produced. 

Then lay off F g = a= the given reduction base, and draw 
g E intersecting DC inw. Then H z is the required height. 

EF He EF we 


fg ho ee 


'henceax— EF x HE = area. 


To find the centre of gravity, draw a line through the mid- 
dle points of the parallel sides AB and DC. Prolong AB and 


CD and make Ca= AB and Ab=CD and join*a and 3b. 


Then the intersection of @6 with the axis of symmetry gives 
the centre of gravity. 
The construction for the reduction of a parallelogram is pre- . 
cisely similar. [Fig. 18 (0).] 
The points F and E here coincide with A and B, and we 
have 
A:cz AB 


3-=s, all ethane x A B= area. 


The same construction also holds good, of course, for a rect- 
angle or square. The centre of gravity in each case is at the 


intersection of two diameters, since these are axes of symmetry. 
34, Reduction of Quadrilaterals Generally.—In general 


_ ple that it is unnecessary to give here any practical examples 
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any quadrilateral may be divided into two triangles which may 
be reduced separately, or into a triangle and trapezoid. _ 


It is also easy to reduce any quadrilateral to an equivalent rs Aon 


triangle, which may then be reduced by Art. 82 to an equiva- 
lent rectangle of given base. 

Thus we reduce the quadrilateral A B C D [Fig. 18 (o)] 
to an equivalent triangle by drawing C C, parallel to D B to 
intersection C, with A B, and joining C,; and D. The triangle 
D BC, is then equal to D BC, and hence the area A DC, is 
equalto ABCD. The triangle A DC, can now be reduced 
to an equivalent rectangle of given base by Art. 32. 

The centre of gravity of the quadrilateral may be found as 
follows: 

Draw the diagonals A C and B D and mark the intersection 
E. Make A E, =C E and B E,=DBE, also find the centres 
O, and O, of the diagonals AC and BD. Join O, E, and O, 
E, ; the intersection S of these two lines is the centre of gravi- ~ 
ty required. 

The above is sufficient to enable us to find the centre of gravity 
of any given area of regular or irregular outline. The method 
may be applied to finding the centre of gravity of a loaded 
water-wheel (as given in Der Constructeur, Reuleaux, Art. 47), 
and many similar problems. The reader will have no difficul- 
ty, following the general method indicated in Art. 30, in mak- 
ing such applications for himself. The method itself is so sim- 


in illustration. We shall, moreover, have occasion to return to 
the subject in the consideration of moment of inertia of areas. 

We pass on therefore to the moment of rotation of forces mm 
a plane. 
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CHAPTER IV. 
MOMENT OF ROTATION OF FORGES IN THE SAME PLANE. 


35. The “Moment” of a Force about any Point is the 
product of the force into the perpendicular distance from that 
point to the line of direction of the force. The importance 
and application of the “moment” in the determination of the 
strains in the various pieces of any structure will be evident by 
referring to Art. 14, where Ritter’s “ method of sections” is 
alluded to. In general, when the moments of all the exterior 
forces acting upon a framed structure are known, the interior 
forces, or the strains in the various pieces, can be easily ascer- 
tained. ; 

As we shall immediately see, these moments are given 
directly in any case by the “ eguilibrium polygon.” 

36. Culmann’s Principle.—If a force P be resolved into 
two components in any directions as 0 C, 6 C, (Fig. 19, Pl. 5), 
and these components be prolonged, it is evident that the 
moment of P with reference to any point as @ situated any- 
where in the line ¢d parallel to P,is P x 6a. But if from C 
we draw the perpendicular H to P, then by similar triangles, 


P:Hi:cd:ba; 


Pxdba=Hxed. 


That is, the moment of P with respect to any point a is equal 
to a certain constant H multiplied by the ordinate e d, paral- 
lel to P and limited. by the. components prolonged. The con- 
stant H we call the “pole distance.” 

This holds good for any point whatever, and we have only to 
remember that if we assume the ordinates to the right of P as 
positive, those to the left are negative. 

We can choose the pole C where we please, and thus obtain 
various values for H, but for any one value the corresponding 
ordinates are proportional to the moments. 


vy 


; 
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The above principle is due to Cul/mann, and will be referred 
to hereafter as Culmann’s principle. 

37. Application of the above to Equilibrium Polygon, 
—Let P,, be a number of forces given in position as repre-— 
sented in Fig. 19 (a) Pl. 5. By forming the force polygon Fig. 
19 (4), choosing a pole C, and drawing S, §,, S,, ete., we form 
the equilibrium polygon a b ¢ d ef, Fig. 19 (a). | 

The resultant of the forces P,, acts in the position and diree- 
tion given in the Fig. Now, as we have seen in Art. 22, 
regarding the broken line a b cd ¢ asa system of strings, we 
may produce equilibrium by joining any two points as a and f 
by a dine, and applying at a and f the forces S, and §,. Let us 
suppose this line a f/ perpendicular to the direction of the 
resultant. Since we can suppose the broken line or polygon 
fastened at any two points we please, this is allowable, and 
does not affect the generality of our conclusion. 


Then the compression in the line a /f is given by H, the 


“ pole distance,” er the distance of the pole C from the result- 
ant in the force polygon. We have therefore at a the force 
H and V, =H 0 acting as indicated by the arrows. At @ then 
V, acting up, H and §, acting away from a, are in equilibrium, 
or V, is decomposed into H and S,, as shown by the force 
polygon. 

According to Culmain’s principle then, the moment of V; 
with reference to any point, as m or 0, is equal to Hxo m, 


Therefore H being known, the ordinates between a f and S — 


are proportional to the moment of V, at any point. Vj, acting 
upwards gives positive rotation (left to right) with respect 
to m. 

At the point 5, P, may be replaced by a force 0 K parallel to 
R and a force K 1 along §, [see force polygon]. This we see 
at once from the force polygon where 0K and K 1 make a 
closed polygon with P,, and taken as acting from 0 to K and 
K to 1, replace P,. But these two forces are in equilibrium 
with S§, and S, or 1 C and C0 [see force polygon], and since 
K 1 and 1 K balance each other, all the forces acting at 6 may 
be replaced by Sj, 0K and KC. We have then at 6 the force 
0 K resolved into components in the directions S) and §. - 

By Culmann’s principle, therefore, the moment of O K 
about any point as m, is proportional to the ordinate  m, and 
since 0 K acts downward this moment is negative. Hence the 
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resultant moment at m or o of the components at @ and 6 par- 


allel to R, is proportional to the ordinate o n. 


So for any point, the ordinate included by the polygon a 6b ¢ 
d ef, and the closing line a f, to the scale of length multiplied 
by the “pole distance” H to the scale of force, gives the mo- 
ment at that point of the components parallel to the resultant. 

Again, the moment about any point as 0, is equal to the mo- 
ment of the force in the string S, with reference to that point. 
If now, we conceive this force acting at m, and decompose it 
into a force parallel to the resultant and a force perpendicular . 
to the resultant, the first component will pass through 0 and its 
moment therefore is zero. 

Hence: Zhe moment, at any point, as 0, 1s equal to the com- 
ponent perpendicular to the resultant of that string cut by a 
section through o parallel to the resultant, multiplied by the 
ordinate of the polygon taken parallel to the resultant. 

The practical importance and application of these principles 
will appear more clearly in the consideration of parallel forces 
in the next chapter. 
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CHAPTER V. 


MOMENT OF ROTATION.—PARALLEL FOROES. 


38, Equilibrium Polygon.—Since the forces acting upon 
structures are generally due to the action of gravity, these 
forces may be considered as parallel and vertical, and in all 
practical cases therefore, we have to do with a system of paral- 
lel forces. 

Given any number of parallel forces P,;, Pl. 6, Fig. 20; 
required to find the direction, intensity and position of the 
resultant, and the moment of rotatign at any point. 

1st. Draw the force polygon. In this case it is, of course, a 
straight line. 

2d. Choose a pole O, and draw the lines S, S,, S,, ete. 

3d. Draw the string or equilibrium polygon ab ¢ def. 
Considering this polygon as a system of strings, the forces will 
be held in equilibrium if we join any two points, as a and g, 
by a strut or compression piece, and apply at @ and g the up- 
ward forces V, and V3. 

4th. Prolong a 6 and f gto their intersection o. Through 
this point the resultant must pass. It is of course parallel and 
equal to the sum of the forces. ‘ 

Now, if @ g is assumed horizontal, the perpendicular H to ~ 
the force line, or the “pole distance,” divides the resultant 0 5 
into the two reactions V, and Vy (Art. 22). 

All the forces in the equilibrium polygon have the same 
horizontal projection H, in the force polygon. 

Let a g represent a beam resting upon supports at a and g. 
We have then at once the vertical reactions V, and V, or & 0 
and 5 &, which, in order to cause equilibrium, must act wp- 
wards. 

For the moment at any point, as 0, due to V,, we have, by 
Culmann’s principle, mo multiplied by H. The triangle formed 
by ab, ag, and P,, gives then the moment of rupture at any 
point of the beam as far as P, For a point 0, beyond P,, the 
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moment due to V;, must be diminished by that due to P,, since 


these forces act in opposite directions, and rotation from left 
to right upon the deft of any point is considered positive. We 
see at once from the force polygon that P, is resolved into S, 
and §, or intow@b and dc. Hence the moment at o due to P, ~ 


is mn multiplied by H. The total moment at ois then m 0 — 


mn=no, multiplied by H. This is but a special case of the 
principle of the preceding Article. 

Hence we see that the ondintites to the equilibrium polygon 
Jrom the closing line ag, are proportional to the total mo- 
ments ; while the ordinate at any point between any two adja- 
cent sides of this polygon, prolonged, represents the moment at 
that point of a force acting in the vertical through the inter- 


_ section of these two sides. 


[The reader should make the construction, changing the order in which 
the weighis are taken, and thus satisfy himself that the order is a matter 
of indifference.’ As to the directton of the reactions Vi, Va, it must be re- 
membered that @ 0 is to be replaced by V: and H, hence V, must be opposed 
to © 0, the direction obtained by following round in the force polygon the 
triangle 0 1 C. Force and distance scales should also be assumed. Thus the 
ordinates to the equilibrium polygon scaled off say in inches, and multiplied 
by the number of, tons to one inch, and then by the “ pole distance” taken 
to the assumed scale of distance, will give the moments of any point.] 


The resultant of any two or more forces must pass through 
the intersection of the outer sides of the equilibrium polygon 
for those forces (Art. 16). Thus, the resultant of P, and P, 
must pass through the intersection of ad anded. Of V, and 
P,, through the intersection of @ g and 6¢; of P, P, and P,, 
through intersection of a 6 and de, and so on. In every case 
the intensity and direction of action of the resultant is given 
directly by simple inspection of the force polygon. 

Thus from the force polygon we see that the resnltants & 2 
and & 3 of V,; P, P, and V, P, P, Ps, act in different directions. 
Their points of application are at the intersection of ¢d and de 
respectively with a g, or upon either side of d in the equilibrium 
polygon. At d the ordinate and hence the moment is greatest, 
and at this point the tangent to the polygon is parallel to a g. 
If we had a continuous succession of forces; if a g, for in- 
stance, were continuously or uniformly loaded; the equilibri- 
um polygon would become a curve, and the tangent at d would 


‘then coincide with the very short polygon side at that point. 
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The points of application of the resultants of all the forces 
right and left of d are then at the intersection of this tangent 
with a g, or at an infinite distance. 

At d then we have a couple, the resultant of which is as we 
have seen (Art. 20), an indefinitely small force acting at an 
indefinitely great distance. That is, with reference to d, the 
forces acting right and left cannot be replaced by a single 
force. 

Hence generally : at the point of maximum moment (“ cross 
section of rupture”), the resultant of the outer forces on either 
side reduces to an indefinitely small and distant force, the 
direction of which is reversed at this point, and the point of 
application of which changes from one side to the other of the 
equilibrium polygon.* 

The “ cross section of rupture” then, is that point where the 
weight of that portion of the girder between it and the end is 
equal to the reaction at that end, or where the resultant changes 
sign. 


the product of the reaction at one end into its distance from 
the point of application of the equal resultant of all the loads 
between that end and the point. 

Thus for a beam uniformly loaded with w per unit of length, 
the reaction at each end is td From the above, the cross sec- 
tion of rupture is then at the middle. The point of application 
of the resultant of the forces acting between one end and the 


; wl lt _ wP 


middle is at : hence the maximum moment is XG 

39. Beam with Two Equal and Opposite Forces beyond 
the Supports,— The ordinates to the equilibrium polygon thus 
give, as it were, a -pictwre or simultaneous view of the change 
and relative amount of the moments at any point. The point 
where the moment is greatest, ¢.¢., where the beam is most 
strained, is at once determined by simple inspection. 

Let us take as an example a beam with two equal and oppo- 


site forces beyond the supports. Thus, Fig. 21, Pl. 6, suppose — 


the beam has supports at A and B, the forces being taken in 


the order as represented by P, P;. We first construct the force 


* Die Graphische Statik.—Culmann, p. 127. 
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polygon from 0 to 1, and 1 to 2 or 0. Next choose a pole C, 
and. draw §, S, and 8. Draw then a parallel to S, till intersec- 
tion with first force, P,, then parallel with 8, to second force, 
P,, then parallel to S, or S, to intersection with vertical through 
support B, and finally draw the closing line L. A line through 
C, parallel to L, gives as before the vertical reactions. Follow- 
ing round the force polygon, we find at A the reaction down- 
wards, since S, acts from C to 0 and is to be replaced (Art. 4) 
by L and. V,; at B reaction upwards, since P, acts up, and fol- 
lowing round, & acts from 0 to C. Both reactions are equal to 
a0. At A then the support must be above, and at B below the 
beam. The shaded area gives the moments to pole distance H. 
Had we taken the pole in the perpendicular through 0, 8) would 
have been parallel with the beam itself. This is, however, a 
matter of indifference. The moment area may lie at any in- 
clination to the beam. We also see here again the effect of a 
couple (Art. 23). S, is simply shifted through a certain distance 
to §,, parallel to S, and therefore the moment at any point be- 
tween P, and.B is constant. This is generally true of any 
couple, as we have already seen, Article 21, and may be proved 
analytically as follows: 

Let the distance between the forces be a = A B, Fig. 23. 
Then for any point 0, we have P x (a+Bo0)—P x Bo=P [a+Bo 
—Bo|=Pa. For o’ between A and B, PxAo0'+Pxo’ B= 
P [A o’+o' B] =Pa. 

So also for any point to the left, the same holds true. 

Graphically the proof is as follows : 

Decompose both forces into parallel components, Fig. 23. 
Then for any point, as 0, we have the moment M = Hxm 2— 
Hxm p orM=—Hxnp. But np is the constant ordinate 
between the parallel components A nm and A p. 

We see, therefore, by simple inspection, that the distance of 
P, and P, from the support B, Fig. 21, has no influence what- 
ever upon the moment or strain in A B, provided the distance 
between the points of application remains the same, and that 
the moment at all points between P, and the support B is con- 
stant and a maximum. From B and P, the moments decrease 
left and right, and become zero at A and P,. 

40. Beam with Two Equal and Opposite Forces be- 


‘tween the Two Supports.—Let the beam A B, Fig. 24, Pl. 6, 


be acted upon by the two equal and opposite forces P, P,. 


ee 


+0 MOMENT OF ROTATION—PARALLEL FORCES. [CHAP. V. 


Construct the force polygon 012. Choose a pole C and draw 
C0,C1,C2. Parallel to C 0, draw the first side of the equi- 
librium polygon to intersection with jirst force P,; then paral- 
lel to C1 to second force P,; then parallel toC 2tod. Joind 
and 0. Parallel to this draw C a in force polygon. Then 0 a 
is the vertical reaction at A, which acts upwards, since it must 
with Ca replace C0; and C0, when we follow round from 0 to 
1 and 1 to C, acts from C to 0. 

We have the same vertical reaction at B, but here, since we 
must follow from 1 to 2 and 2 to C, C 2 acts from 2 to C, hence 
following round, the reaction at B is downward. The shaded 
area gives the moments to pole distance H, as before. 

We see at once that at a certain point e the moment is zero, 
Left and right of this point the moment is positive and nega- 
tive. At the point itself we have a point of inflection, and 
here, since the moment is zero, there is no longitudinal strain. 
At 6 andc the moments are greatest; here the beam is most 
strained, and at these points, therefore, are the “cross sections 


of rupture.” Here again, if we had taken the pole C in the ~ 


perpendicular through a, the closing line of the polygon od 
would have been horizontal. It is, however, indifferent at 


what inclination @ d may lie, but we may if we wish make it 


horizontal now, and then lay off from its new intersections with 
P, and P, along the directions of these forces, the ordinates 
already found at 4 and ¢, and join the points thus obtained with 
the ends of od (z.e., with its intersections with the verticals 
through the supports). The ordinates of the new polygon 
thus found will be for any point the same as before,-and will 
_ also be perpendicular to the beam. 


[Nore.—Had we taken the forces precisely as above but in reverse order, 
the force line would be reversed, and we should have 0 and 2 in place of 1, 
and 1 in place of 0 and 2; that is, in place of C 1 we should haye C0 and 
C 2. Constructing then the equilibrium polygon by drawing a line paral- 
lel to new C 0 to intersection with new P,, then parallel to new C 1 to in 
tersection with new P,, then parallel with new © 2 to intersection with 
vertical through B, and finally joining this last point with intersection of 
the first line drawn (C 0) with vertical through A, we have at first sight a 


very different equilibrium polygon, This new polygon will consist of two © 


parts. If the ordinates in one of these parts are considered positive, those 
in the other must be negative. The difference of the ordinates in these two 
portions for any point, will give the same result as above. This, by mak- 
ing the above construction, the reader can easily prove.] 
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41, Many other problems will readily occur, which may in a 
similar manner be solved. The weights may have any position, 
number and intensities desired ; in any and every case we have 
only to construct with assumed pole distance the corresponding 
equilibrium polygon, and we obtain at once the moments at 
every point. By the use of convenient scales, numerical results 
may be obtained which may be checked by calculation, and 
the practical value and accuracy of the method thus demon- 
strated. 

The above principles will be sufficient for the solution of any 
such problem which may arise, and we shall therefore content 
ourselves with the above general indication of the method of 
procedure, and pass on to the consideration of a few cases 


' where the above needs slight modification, and which, from 


their practical importance, and the ease with which they may 
be treated graphically, seem worthy of special notice. 


Ist. BEAM OR AXLE—LOAD INCLINED To Axis.* [Fig. 25, Pl. 6.] 


We have here simply to draw the “closing line” A C paral- 


_lel to the beam or axle. From d drawd B parallel to the force 


P, then draw A B in any direction at pleasure, and join B C. 
We have thus the equilibrium polygon A B C, the ordinates te 
which, as d B, parallel to the force P, will give the moments, 
provided we know the corresponding pole distance. 

But this can easily be found. As we have already seen, the 
force polygon being given, the equilibrium polygon may be 
easily constructed. Inversely, the equilibrium. polygon being 
given, the force polygon may be constructed. Thus from A 
draw A c equal and parallel to P, and then draw ¢ C, parallel . 
toBC. Aa and be are the vertical reactions P, and P,; ab 
is the horizontal component of the force which must be resisted 
at one or both of the ends; and the moments at any point are 
given by the ordinates parallel to P multiplied by the perpen- 


dicular distance from C, to Ac. If we suppose the force P, as 


in the Fig., as causing two opposite vertical forces, instead of 
acting directly upon the axis, we have only to prolong A B to 
B, and join B, B,, and then the ordinates of A B, B, C parallel 
to P or Ac, multiplied by H (perpendicular distance from CO, 
to A c) will give the moments. 


* See Der Constructeur, Reuleaux. 


42 MOMENT OF ROTATION—PARALLEL FORCES. [CHAP. 


2D, FORCE PARALLEL To axis. [Tig. 26, Pl. 6.] 


We have an example of this case in the “ bayonet slide” of 
the locomotive engine. 

We have here two pairs of forces, the reactions V, and V; 
and the forces over B, and B;. The points of application of 
these last change of course periodically, but for any assumed 
position the moments are easily found. Thus draw A B, at 
pleasure, and C B, parallel to it, and join B, B, and A C, and 
we have at once the equilibrium polygon. To find the corre- 
sponding force polygon, suppose P, applied at 6, and join db with 
the other support. Make 6 ¢ equal to P thenecd=V;. Lay 
off then A a@=cd=V, and draw a C,, which is the pole dis: 
tance. Draw C, ¢ parallel to B,B, Then Ae and ¢A are the 
forces acting over B, and B,, and A a is the reaction V,. The 
case is, indeed, precisely similar to that in Art. 40. 


[Nore.—The moment area should properly be turned over upon A C as 


an axis, so that A a should be laid off and ¢ fall below A. This can, how- 


ever, cause no confusion. | 


The application of the. method to car axles,* crane standards, 
and a large number of similar practical cases in Mechanics is 
obvious. The formule for many of these cases are too com- 
plex for practical use ; in some, no attempt at investigation of 
strain is ever made, the proportions being regulated simply by 
“ Engineering precedent” or rules of thumb. . Those familiar 
with the analytical discussion of such cases will readily recog: 
nize the great practical advantages. of the Graphical Method. 


3D. BEAM OR AXLE ACTED UPON BY FORCES LYING IN DIFFERENT 
PLANES. 


The analytical calculation in such a case for instance is of 
considerable intricacy, but by the graphical method, on the 
contrary, the difficulty of investigation is scarcely greater than 
before. 

Thus, let Fig. 27, Pl. 7, represent a beam acted upon by two 
forces P, and P, not in the same plane. 

First, we draw the force polygons A.O, M and D O, 2 for the 
forces P; and P,, having both the same pole distance GO, = 
O, H, the pole O, being so taken that the closing lines of the 


* Der _Constructeur, Reuleaux, pp. 215-222. 
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sorresponding polygons A 6’D and Ae” D coincide. This is 
easily done, as if the closing line of the second polygon for any 
assumed position of O, (O, H being equal to G O,) does not co- 
incide with A D, the ordinate at ¢” can be laid off from C and 
A ec’ D thus found in proper position, and then the pole O, can 
be located. It will evidently be at the intersection of the ver- 
tical O, O’, with e’’ D. 

The two force polygons being thus formed, we construct the 
polygon AC’ D by drawing lines BB’, B BE’, CC’, ete., so 
that their angles with the vertical shall be equal to the angle 
between the planes of the forces, and making them equal tc 
the ordinates B 6”, Ee”, Ce’, etc., respectively. Join 6’ B”, 
e B””, f’ F”, ¢ C”, ete., and lay off the ordinates Bd, Be, Ff, 
C ¢, etc., respectively equal. The ordinates to the polygon 
thus obtained, viz.: A 6 ¢fcD multiplied by the pole distance 
O, G or O, H, give the moments at any point. Ad and¢D 


are straight lines, be fc is a curve (hyperbola). If we drop 


verticals through O, and O,, and draw the perpendiculars O,’ M, 
O’".K; A Mis the reaction R,, and D K the reaction R,, both 
measured to the scale of the force polygon. Their directions 
are found by the composition of AG and H 2 and DH and 
G M respectively, under the angle of the forces. 


Aru. COMBINED TWISTING AND BENDING MOMENTS. 


In many constructions pieces occur which are subjected at 
the same time to both bending and ¢wisting moments. Both 
can be represented and given by moment areas. Thus, Fig. 
28, Pl. 7, represents an axle turning upon supports at A and B 
and having at C a wheel upon which the force P acts tangenti- 
ally. We sued then a moment of torsion M, = P R and reac- 
hogs PF, =P —— =~ and P, = P Past 8 being the distance of P 
from B, and a of P from A. 

Let the bending moments be represented by the ordinates to 
the polygon a C 6; then laying off ao equal to P and drawing 
oO parallel to bc, we find the corresponding pole distance 
Ok, and the reactions P, and P, equal to £a@ and o & respec- 
tively. 

Now, in the force polygon Oo thus found, at a distance 
from O equal to R, draw a line mn parallel to P. This line 
m n evidently gives for the same pole distance the moment of 
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torsion PxR. Laying off C'C,=6 b'’,=m n, we have the 
torsion rectangle C, b’ 6 C’. 
Now the combined moment of torsion M, and bending My, is 


§M,+8/V¥M;+M;*. We make then C’ C, equal to $ C’ CO, = 


£m n and CC, equal to $C C’ = M,, and draw C, b. Then 
any segment of any ordinate, as ff, is $ of ff’. Revolve now 
C’ GC, with C’ as a centre, round to C4, and join CC, Then 
C, C’y is equal to iM? +Mz, and therefore with C, as centre 
revolving C, C’, to Cs, we find the point C;, C C, being equal to 
3 M,+2 WM; + Mj. In the same way we find any other 
point as 73, by laying off “7p equal to f’f, joining fa and fy and 
making fy fs equal to fs fo. The line Cy fy d thus found is a 
hyperbola, and the ordinates between it and 6 C give the com- 
bined moments [for pole distance O £] at any point. 


{Nore.—We suppose the axle to turn freely at A, and the working point 
or resistance beyond B; hence the moments left of the wheel are given by 
the ordinates to a C.] 


5TH. APPLICATION TO CRANK AND AXLE. 


The above finds special and important application in the case 
of the crank and axle. 

Thus in Pl. 8, Fig. 29, let ED CB be the centre line of crank 
and shaft. Lay off a P equal to the force P acting at A, choose 
a pole o and draw o@ oP and the parallels oa andaE. Join 
E and @ and draw oP, parallel to Ed. Then PP, is the 
downward force at E and P, a the upward reaction at D. The 
ordinates to Ed a@ to pole distance o P, give the bending mo- 
ments for the shaft. Make a F equal to the lever arm R, then 
iW G is the moment P R, and we unite this as above with the 
bending moments and thus find the curves ¢’ @’ e’ the ordinates 
to which give the combined moments at every point of the 
shaft [see 4th]. 

For the arm BC, make the angle a BC equal to Dad, 
and then the horizontal ordinates to a@ B give the bending mo- 
ments for the arm. Make C @ equal to C ¢ and we have the 
torsion rectangle C cy by B, and as in the previous case we unite 
the two and thus find the curve 4) A F, the horizontal ordinates 
to which from BC give the required combined moments, to 


* Der Constructeur, Reuleaux, p. 52, Art. 18. 
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pole distance oP. Thus Ay=2HA, Hi=SBh, and 
Hi=hh'+h't=3M,+ § Mi + Mi. 
The application of the method when the crank is noé at right 
angles to the shaft, as also when the crank is double, and gener- 
. ally in the most complicated cases, is equally simple and satis- 
> factory. Our space forbids any more extended notice of these 
applications, and we must refer the reader to Der Constructeur, 
by F. Reuleaua, Braunschweig, 1872, for further illustrations 
and applications of the method to the solution of various practi- 
f cal mechanical problems. 
42, Continuous Loading—Load Area.—Thus far we have 
4 considered only concentrated loads. But whatever may be the 
: law of load distribution, if this law is known, we can represent 
it graphically by laying off ordinates at every point, equal by 
scale to the load at that point. We thus obtain an area bounded 
by a broken line, or for continuous loading, by a curve, the 
ordinates to which give the load at any point. This load area 
we can divide into portions so small that the entire area may 
be considered as composed of the small trapezoids thus formed. 
If, for instance, we divide the load area into a number of trape 
zoids of equal width, as one foot one yard, etc., as the case may 
be, then the load upon each foot or yard will be given by the 
‘ area of each of these trapezoids. If the trapezoids are sufii- 
ciently numerous, we may consider each as a rectangle whose 
base is one foot or one yard, etc., as the case may be, and whose 
height is the mean or centre height. The weight therefore for 
4 each trapezoid acts along its centre line. We thus obtain a 
system of parallel forces, each force being proportional to the 
area of its corresponding trapezoid, and equal by scale to the 
mean height or some convenient aliquot part of this height. 
We can then form the force polygon ; choose a pole; draw 
lines from the pole to the forces; and then parallels to these 
lines, thus forming the string or equilibrium polygon; and so 
obtain the graphical representation of the moments at every 
point. 

Since, however, the polygon in this case approximates to a 
curve, that is, is composed of a great number of short lines, the 
above method is subject to considerable inaccuracy, as errors 
multiply in going along the polygon. 

This difficulty can, however, be easily overcome. 

Thus we may divide the load area into ¢wo portions only, and 
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then draw the force and equilibrium polygon, considering each 
portion to act at its centre of gravity, and so obtain an equili- 
brium polygon composed of three lines only. These lines 27d 
be tangents to the equilibrium curve. (Art. 76.) We thus have 


three points of the curve, and its direction at these points. e 
In this manner we may determine as many pointsas maybe — 
necessary, without having the sides of the polygon so short or ny 
so numerous as to give rise to inaccuracy. é 
43.—The above will appear more plainly by consideration « 
of a eo 
BEAM UNIFORMLY LOADED. a 

The curve of load distribution becomes in this case a straight a 
line. The load area is then a rectangle, and hence the load per Be 


unit of length is constant. Let us now divide this load area 
[Fig. 30, Pl. 8], into,four equal parts, and considering each por- 
tion as acting at its centre of gravity, assume a scale of force, 
and draw the force polygon. Since in this case the reactions at 
the supports must be equal, we take the pole C, in a perpendi- 
cular to the force polygon at the middle point. This causes the 
closing line of the equilibrium polygon to be parallel to the 
beam itself, which is often convenient. We now draw C0, C1, 
etc., and then form the polygon 0a@cegh. The lines 0a, a ¢, 
ec é, ete., of this polygon, are tangent to the moment cwrve at 
the points 6, d, 7,0 and h, where the lines of division prolongea 
meet the sides. The curve can now be easily constructed, as 
will appear from the next Art. 

Moment Curve a Parabola,—Suppose we had divided the 
load area into only éwo parts, of the length « and / — @ [Fig. 
30, Pl. 8]. Then the moment polygon would be 0 a & h, and 
the horizontal projection of the tangent line a & would be 4 @ 
+ $(l—2) = $1. 

That is, the horizontal projection of any tangent line a & to— 
the moment: curve limited by 0 C and C A, is constant. But 
this is a property of the parabola. The moment curve for a 
uniform load is therefore a parabola, symmetrical with respect 
to the vertical through the centre of the beam. 

If, then, we divide o C and C A into equal parts, and join cor- 
responding divisions above and below, we can construct any 
number of tangents in any position. 


[ Norz.—We may prove analytically that the moment curve és a parabola, 


~ 
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and hence that the line a k must be a tangent. Thus the moment at any 
point is 

Hy=tpla—ytp2 


_ p being the load per unit of ee i the length, and the reaction at sup- 


port therefore m Hence y = sq (@ — 2’) for origin 0. 


When the origin is at d, A horizontal distances by 2/ and ver- 
tical by 2’, we have # = : — y,and y = h — a, h being the ordinate at 


z mer Uy 
middle = SH 


Hence by substitution 
ie hte Peo | 
: ae [3 ty athe y 


or reducing 


2 


y? — a’ 


which is the equation of a parabola having its vertex at d. | 


We may of course take the pole anywhere, and hence H may 
have any value. It is in general advantageous in such cases 


(2.e., for uniform load) to take H = Ae We have then 
y= le, 
: 
and for Y = 5, 0r for the middle ordinate, we have « = “i 


lo draw ee moment curve we have then simply to lay off 
the middle ordinate equal to 4th the span. The curve can then 
be constructed in the customary way for a parabola. Any _ 
Ee 


3 will then give the 


ordimate to this curve multiplied by H = 


moment at that point. 

Enough has probably now been said to illustrate the applica- 
tion of our method to the determination of the moment of rota- 
tion, bending moment, or moment of rupture. The reader 
will have no difficulty in applying the above principles to any 
practical case that may occur. 

It will be observed that the customary curve of moments in 
the graphic methods at present in general use, comes out as 
a particular case of the equilibrium polygon for uniform 
load. 

This polygon has other interesting properties, which we shall 
notice hereafter. For instance, just as its ordinates [Fig. 30] 
are proportional to the bending moments or moment of rotation, 
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80 also its a7ea is proportional to the moments ¢f the moments, 
or the moment of inertia of the load area. 

As to the shearing force at any point of a beam submitted 
to the action of parallel forces, the reactions at the ends being 
easily found as above by a line parallel to the closing line in 
the force polygon, we have only to remember that the shear at 
any point zis egual to the reaction at one end, minus all the 
weights between that end and the point in question. 

Thus for a uniformly distributed load we have simply to lay 
off the reactions which are equal to one-half the load, above 
and below the ends, and draw a straight line, which thus passes 
through the centre of the span. The ordinates to this line are 
evidently then the shearing forces. If we have a series of con- 
centrated loads, we have a broken line similar to A’, 1' 1” 2’, 
ete., Fig. 32, Pl 7, where each successive weight as we arrive at 
it, is gubtracted from the preceding shear. 

44, Beam continuously Loaded and also Subjected to 
the Action of Concentrated Loads,—In practice we have 
to consider not only a continuously distributed load, such as the 
weight of the truss or beain itself, but also concentrated forces, 
such as the weight of cars, locomotives, etc., standing upon or 
passing over the truss. 

In Pl. 8, Fig. 31, we have a continuous loading represented 
by the load area A a 6} B,and in addition four forces Py. 
Now, since the total moment about any point is equal to the 
sum of the several moments, we can treat each method of load- 
ing separately and then combine the results. Thus with the 
force polygon (4) we obtain the equilibrium polygon A’ 12 3 


. B’ for the continuous loading, and with the force polygon” 


(a) the equilibrium polygon A’ 12” 3’. .... B” for the con- 
centrated loads. If now in (6) we draw C L parallel to the 
closing line A’ B’, and in (a) C’ L’ parallel to the closing line 
A’ B”, we obtain at once the reactions at the supports for each 
case. 

Thus for continuous loading we have L 0 for reaction at A, 
and 10 L for reaction at B; for the concentrated loads, L’ 0’ 
at Aand 4’L’ at B. These reactions hold the beam in equi- 
librium. 

For any cross-section y, the shear to the right is composed of 
the two components L 7 and L’ 3’ (i.¢., is equal to the reactions 


minus the forces between cross-section and support). The mo- _ 
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ment of L 7 is given by the ordinate o y to the corresponding 
polygon, and we may consider L 7 as acting at the point of - 
intersection a of the side 7 8 with A’ B’ (Art. 38). In the same 
way L’ 3’ acts at bd. We may unite both these reactions and 
find the point of application of their resultant ¢, by laying off 
in force polygon (0) 7 6 equal to L’ 3’, and then ¢onstructing 
the corresponding equilibrium polygon e ade, The resultant 
R passes through c. This construction remains the same evi- 
dently, even when the points a and 6 fall at different ends of 
the beam, as may indeed happen. The components will then 
haye opposite directions, and must be subtracted in order to 
obtain the resultant. 

The total moment of rotation at y is proportional to the sum 


of mn and o y. The greatest strain is where this sum is g 


maximum. In order to perform this summation and ascertain 
this point of maximum moment it is advantageous to construct 
another polygon instead of A’ 1” 2”, etc., whose closing line 
shall coincide with A’ B’. This is easy to do, by drawing in 
force polygon (a), L’ C’ parallel to A’ B’, and taking a new pole 
C’ the same distance out as before, that is, keeping H constant, 
and then constructing the corresponding polygon A’ 1’ 2’ 3’, ete. 

Thus the ordinate p y gives the total moment at y. We can 
make use here also of the principle that the corresponding sides 
of the two polygons must intersect upon the vertical through 
A’ (Art. 26), We have thus the total moment at any point, and 
can easily determine the point of maximum moment or cross- 
section of rupture. This point must necessarily lie between 
the points of maximum moments for the two cases, or coincide 
with one of them. In the Fig. this point coincides with the 
point of application of P’, 

45, Case of Uniform Load,—If the continuous load is wnz- 
formly distributed we can obtain the above result without 
being obliged to draw the curve. As in this case we have a 
very short construction for the determination of the point of 
greatest moment, it may be well here briefly to notice it. 

If we erect ordinates along the length of the beam as an axis 
of abscissas, equal to the sum of the forces acting beyond any 
cross-section, the line joining the end points of these ordinates 
has a greater ot less,inclination to the axis according as the 
uniform load is greater or smaller. At the points of applica- 


tion of the concentrated loads this line is evidentiy shifted 
4 
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parallel to itself. Since at the point of maximum strain the 
sum of the forces either side is zero, this point is giyen by the 
intersection of the broken line thus found with the axis. 

Thus in Pl. 7, Fig. 32, let A B be the beam sustaining a uni- 
form load, and also the concentrated loads P; P, P; P,. The 
reaction of the uniform load at the supports is equal to half 
that load. To find the reactions for the concentrated loads we 
draw the force polygon 0 1 2 3 4, choose a pole C, then con- 
struct the equilibrium polygon A’ 1 23 4 B’, and parallel to 
A’ B' draw CL. LOand L4 are the reactions at A and B. 
Now through L draw A) L horizontal, make it equal to the 


length of the beam, and take it as axis of abscissas. [It is of © | 


course advantageous here to lay off the forces along the verti- 
gal through B, as done in the Fig. Then A, falls in the vertical 
through A and 1) 2) 3) 4) are directly under the forces them- 
selves. | , 

The ordinate to be laid off at Ay is equal to L 0 + half the 
uniform load. Between A, and 1, the line A’, 1’ is inclined to 
the axis at an angle depending upon the uniform load. Lay off 
L U equal to this load and draw A, U. A’; 1’ must be parallel 
to this line. At 1’ the line A’, 1’ is shifted to 1”, so that 1 1” 
is the load P,. Then 1” 2’ is parallel as before to Ay U, and 
2’ 2’ is the load P,, and so on. Zhe intersection 2) with Ay Li 
gives the point of maximum moment or cross-section of rup- 
ture. The force P, at this point in our Fig. is divided, as shown 
by L in the force polygon, into two portions, one of which is to 


be added to the forces left, the other to the forces right. The’ 


ordinate y y' at any point gives the shear or sum of the forces 


acting at that point. This force acts up or down according as 


the ordinate is above or below the axis. 


Moreover, the area between the broken line and axis Ay L, — 


limited by this ordinate, gives the moment of rotation of the 
forces beyond the section y, areas below the axis being nega- 


tive. For asection at z, therefore, we have area Ay A’; 1’ 1” 


2' 2,,minus 2) 2” 3’ 3” 2’ 2, or what is the same thing, the area 
2, 2 4 4” BL, since the sum of the moments of all the forces 
is zero. 

46. Influence ofa Concentrated Load, passing over the 
Beam,—If in addition to the already existing uniform and 
concentrated loads, a new force operates, we have by (44) simply 


to ccnstruct for this new force its force and equilibrium poly- 
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gon, and unite the forces and moments thus found with those 
already existing. 

In Pl. 7, Fig. 32, we have assumed a new force P’; near the 
left support. The force polygon is 0’ 1’ C’, the pole distance 
being taken the same as before. For any one position of this 


force we have then the equilibrium polygon A’ 1’ B”’, and 


drawing a parallel C’ L’ to A’ B” we obtain the reactions 0’ L’ 


aud L’ 1’, which must be added to the reactions already ob- 
tained. 

If now we take a section y between P’; and the point of max- 
imum moment 2) before found, the sum of the forces either 
side of this section undergoes ‘the following changes: Upon 


. the side where P’; lies, and the point 2), does not lie, where 


therefore the sum was originally an upward force, we meee the 
downward force L’ 1’ (equal to algebraic sum L’ 0’ + 0’ 1’. 
The sum of the forces at the section, or the shearing force, is 
therefore diminished. : 

The total rotation moment is, however, ¢creased by the 
amount indicated by mn. Both changes, that of the sum of 
the forces and the moment of rotation, énerease as P’, ap- 
proaches y, and are therefore greatest when P’, reaches y. 

If P’, passes y, this point is in the same condition as 2 with 
reference to the former position of P’,; that is, the force and 
point 2) are now both on the same side of the section. For a, 
then, the original downward force to the left is increased by the 
force L’ 1’. Tothe right the upward force is increased by 1’ L’. 
In like manner the moment of the forces beyond 2 is increased 
by the amount indicated by op. This change is greatest when 
P’, reaches 2. 

Therefore when a load passes over the beam the sum of the 
shearing forces is diminished in all sections between it and the 
original point of greatest moment, and increased in sections be- 
yond this point, while the moment of rotation, or bending 
moment, for all cross-sections is increased. These changes 
moreover. increase for any section as the load approaches that 
section. The shear at any point is therefore least, and the mo- 
ment greatest, when the load reaches that point. Ag soon, how- 
ever, as the iced passes this point, the shear passes suddenly 
from its smallest to its greatest opposite value, and then dimin 
ishes as the load saneden, together with the moment of rotation, 
On. the other side of the point 2) of original greatest moment, 
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the shear and moment increase as the load approaches, and 
become greatest for any point when the load reaches that point. % 
At the moment of passing, these greatest values pass to their b: 
smallest values, and increase afterwards as the load recedes. ; 
Since by the introduction of the load the shear for points 
upon one side of 2) is diminished (between 2) and the load), and 
on the other side increased, and the greatest moment is at the te 
point where the shear is zero, it follows that the point of greatest ie 
moment moves in general towards the load. At a certain point, 
then, both meet. As the load then advances this point accom- 
panies it, passes with it the original position, and follows it up 
to the point where it would have met the same load coming on 
from the other side. From this point, as the load continues to> 
recede, it returns, and finally reaches its original position as the 


load arrives at the further end. 4 

It is evidently of interest to learn the position of chee’ two 
points, where the load meets and leaves the point of greatest 3 
mo:tent, or cross-section of rupture, and this in Fig. 32 wecan 
easily do. a 

When P’, arrives at 1’, we have evidently the reactions by ie 
laying off LE equal to P’,, drawing A) EB, and through its 
intersection with the vertical through the weight drawing the 
horizontal A’) By). IL B’,is then the increase of reaction at B due a 
to P’,. The entire reaction is B’) B, and the broken line A’, ae 
1’ 1”, ete., holds good still, if we merely change the axis from § 


A, L to A,B. The point of greatest moment, which is still 
the intersection of the broken line with the new axis, in the 
present case is not changed by reason of the overpowering in- 
fluence of P,. It does not move to meet the load, but awaits it . 
until it reaches P,, and until, therefore, the new axis takes the a 
position A’) B’. ue 
If, however, the force P’, comes on from the right, we have 
the reactions for any position as 2, by laying off Ay E’ equal to = 
P’,, drawing L E’, and then the horizontal A’) B’”, through the oe 
intersection of L E’, with the vertical throngh 2. Then Ay A’”s “ 
is the reaction at A, due to this position of the load. The in- 
tersection «’, corresponding to #, shows the point to which the 
point of greatest moment 2) moves to meet the load. As the 
load passes towards the left, this point moves towards the right, — 
and both come together evidently at the point V;, correspond- 
ing to the new axis Aj’ B,”. The point of greatest moments 
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passes then from 2) to Vp, and beyond these two limits it can 
never pass. 

Our construction, then, is simply to lay off the load in oppo- 
site directions perpendicularly from each end of the axis Ay L, 
and join the end points Ay Hand LE’. The intersections of 
these lines with the diagram of shear give the peints 2) and 
V, required. . 

47. Load Systems.*—Concentrated loads occur in general 
in practice in a certain succession, as for instance the forces 
acting at the points of contact of the wheels of a train of cars 
passing over the beam, and it is necessary then to investigate 
the influence of different positions of the train. It evidently 
amounts to the same thing whether we suppose the weights to 
move over the beam, or suppose the weights stationary and the 
beam to move. In either case we obtain every possible posi- 
tion of every weight relatively to the ends of the beam. 

The severest load to which we can subject a railway truss, for 
example, is when the span is filled with locomotives. If we 
suppose, for illustration, in round numbers, the distance between 
the three axles of the locomotive 3 ft. 6 in., between the 
axles of the tender 5 ft. 6 in., between the foremost tender 
and the back locomotive axle 4 ft., arid the entire length of 
locomotive and tender 34 ft. 6 in.,and then suppose the weight 
upon each locomotive axle 13 tons, and upon each tender axle 
8 tons, we have a system of weights in fixed order and at fixed 
distances, and the truss should be investigated for a series of 
these systems, as many as can be placed upon the span, passing 
- over it from one end to the other. 

In Pl. 9, Fig. 32 (a), we assume two such locomotives as 
shown by P,1, and construct the force and equilibrium poly- 
gons. ‘The forces are symmetrically arranged with respect to 
a central point,and the pole in the force polygon is therefore 
taken perpendicular from the middle of the force line. 

Now the system of forces being as represented, suppose the 
span to shift. Thus suppose the span of a given length repre- 
sented by S, 8, in the Fig. Then 06 is the line closing the 
polygon for this position of the span, and a parallel to 0 6 in 
the force polygon, viz.,C L gives the reactions at the ends. 
Let now the span move from §, §, to 8; 8,; we have a new po- 
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sition for the line closing the polygon and new reactions. As 
the span continues to shift to the right, the lines closing the 
polygon revolve, and as their projections are always constant, 
viz., equal to the span, they are all tangent to a parabola, which 
they therefore envelop. 

48. Properties of this Parabola.—This parabola has sey- 
eral important properties which will aid us in the investigation 
of the case above proposed.* In PI. 9, Fig. 32 (d), let XX be 
the line along which the span is shifted; a M and aN the 
outer sides of the polygon, intersecting at a, along which the 
closing lines slide as they revolve. Jor a given position s s of 
the span, o o is the corresponding line. 4 5) is the position of 
the span, for which the centre, ¢, lies in the vertical through a. 
In this position op o is tangent to the parabola at @p, its middle 
point, and upon this ‘line jes the centres of all the other lines 
(taken of course as reaching from a N to aM). Now the 


point of tangency, f, of any other line, as ¢ ¢, with the parabola, 


is as far from the centre of that line, y, as the centre of that 
line is ttself from %. We have then only to make ¢ } equal to 
¢ G, and drop a perpendicular through 4 to find 8. Thus for 
the position s,s, and the line o; o;, to find the point of tangeney 


8,, make ¢, d,. equal to ¢& @, and draw d, 5, perpendicular to— 


intersection with o, o;. 

Inversely we may find that position for the span ss, for which 
the vertical through a gwen point, 6, shall pass through the 
point of tangency. 

We have only to move the span so that its middle point c 
shall be as far from @ as it is already from the given pet or 
make ¢ ¢ equal to ¢ b. (See Art. 75.) 

If we shift now the span ¢s, and at the same time the polis 
b. through an egual distance, the intersections of the vertical 
through }, with the corresponding closing lines of the polygon, 
will all lie upon the same line o a. 


If therefore 6’, is such an intersection, d has been moved from i 


b to b’,, and hence the span from s s to 5, 8. 
49. Different Cases to be Investigated,—We are now 


ready to investigate the effect of a live load suchas represented 


in Pl. 9, Fig. 32 (a). For the determination of the proportions 
of the truss the following points are specially important: 


* See Hlemente der Graphischen Statik, Bauschinger, pp. 108-114, Also, 
Die Graphische Statik, Culmann, pp. 136-141. 
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1. When a certain number of wheels pass over the truss, but 
without any passing off, or new ones coming on; what position 
of the system gives the maximum moment at any given cross- 
section not covered by the system, and how great is this 
moment ¢ 

2. Under the same supposition as above, what position of the 
load gives the greatest moment for a given point covered by one 
of the load systems ? 

3. Among all the various points of the span, at which is found 
the greatest maximum moment, for what position of the load 
does it occur, and how great is it ? 

4, If the number of wheels is indeterminate, how many must 
pass on, and what position must they have to give at any point 
the greatest maximum moment; where is the corresponding 
cross-section, what position must the load have, and how great 
is this maximum moment ? : 

The three first questions are easily solved by the aid of the 
above properties of the parabola, enveloped by the closing lines 
of the equilibrium polygon, corresponding to different positions 
of the span. 

Thus, as regards the first question, let the given cross-section 
be 4, Pl. 9, Fig. 32 (d), and suppose the span s s in the position 
where the vertical through 0 intersects ¢ o at the point of tan- 
gency 8. When now the span shifts, the intersection of the 
ordinate through 6, with the corresponding tie line, will always 
lie uponao. But this ordinate gives the reduced moments for 
4 (reduced to pole distance H.) The greatest of these moments 
will then be simply the greatest of the ordinates between o o 
and the polygon, and will always be found at an angle of the 
same. When found, we have at once the position of }, and of 
course of the span with reference to the given loads. This is 
always such that a wheel stands over the given section. : 

Thus in Fig. 32 (@), supposing the four wheels P, to P, to 
pass over the span ¢, ¢,, we seek the position of the load to give 
the greatest moment at a point + of the span from the left, 
therefore zth from the middle. 

We lay off the span in such a position, ¢, 4, that its centre is 
distant from the intersection a of the outer lines of the poly- 
gon by }th of the span. 

The ordinate through the given point now passes through the 
point of tangency of the tie line and parabola. We draw this 
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tie line 4, 9, and seek the greatest ordinate between it and the 
polygon. This we find at 7, and directly above 7 the given 
point must lie, and hence we have the position of the span, viz., 
tz. If the scale of tons is ten tons to an inch, of distance 5 ft. 
to an inch, and the pole distance H is assumed 124 ft. = 24 
inches, the scale of moments will be 10x 2.5 x5, = 125 ft. tons 
to an inch, 

As to the second question; the position of the span required, 
_ is that where the vertical through the given point of the system 
S Fig. 32 (a), intersects the corresponding tie line at its point 
of tangency with the parabola; all other tie lines intersect this 
vertical in a point between the tangent point and the polygon. 
The middle of the span must then lie midway between the in- 
tersection a of the outer polygon sides and the point s, where 
the vertical through S meets the line X X. Thus the span has 
the position ¢, %. 

The third question, finally, is easily solved if the parabola en- 
veloped by the tie lines is drawn. The greatest ordinate be- 
tween this parabola and the polygon gives the greatest moment, 
and the point and the position of span required, since the 
middle of the span must be half-way between the point given 
by this ordinate and a. 

The greatest moment is always found upon an ordinate 
through an angle of the polygon. 

If, however, the parabola is not drawn, we find by trial at 
several angles, drawing the tie lines and comparing the corre- 
sponding ordinates, the ordinate required. Here the following 
considerations may aid: Pe 

When the load is uniformly distributed, the maximum mo- 
ment is in the middle of the span, and at the same time in the 
vertical through the intersection a of the outer polygon sides: 
The polygon itself becomes a parabola. The less uniform the 
load is, the more this point approaches the heaviest loaded side, 
as also the intersection a, though not in the same degree. For 
loads not exceedingly unsymmetrical the point may be sought 
for, then, in the neighborhood of a, ¢.¢., near the resultant of the 
forces acting upon the truss. Thus in our example we are jus- 
tified in selecting the corner 7 of the polygon, nearest the point 
of intersection a. 

50. Most unfavorable Position of Load upon a Beam of 
given Span,—The fourth question above requires a somewhat 
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more extended consideration. The most unfavorable position 
of a system of given concentrated forces is when it causes the 
greatest moment at the cross-section of rupture. This position 
is from the preceding, given by taking the centre of the beam 
midway between the vertical through the point of intersection 
of the outer sides of the equilibrium polygon and the nearest 
angle of the same. If with this centre we increase the span, 
the maximum moment increases until the span has the greatest 
length possible without more wheels coming on. 

Thus for the two wheels P, and P,, Pl. 9, Fig. 82 (a), a is 
the intersection of the outer polygon sides, and 4 the nearest 
polygon angle. The almost equally near angle 5 gives at any 
rate no greater moment. In order then that these two weights 
may cause the greatest maximum moment, the middle of the 
beam must lie half-way between a, and 4; and as the span 
increases in length this moment increases, and is then greatest 
. when the span reaches to s, or Ps. . 

‘Tf now the span still increases so as to also include Ps, the 
point of intersection of the outer polygon sides recedes to ap, 
where in our Fig. it coincides almost exactly with the polygon 
angle 4. Here then, approximately at 4, we must locate the 
centre of the beam. If we take the same length of span as 
before, that is, make the half span ay s, equal to the distance 
from s, to the point midway between a, and 4, we see by draw- 
ing the closing lines for these two positions of the span, that 
the maximum moments measured upon the vertical through 4 
are almost exactly equal in each case. For a smaller length of 
span including the three weights, the maximum moment de- 
creases, and is less therefore than the maximum moment already 
caused by the two wheels. The spans, s, may then be regarded 
as the greatest for which the two wheels P, P; give the greatest 
possible maximum moment. As the space 82 s., upon which we 
have now three wheels, increases, the moment increases, and is 
greatest when the span, its centre always remaining now at a, 
reaches to 8’, or to Pp. 

If now it still increases so as to also include P., the intersec- 
tion of the outer polygon sides retreats to ag. The nearest 
polygon angle is still 4, and midway then between a; and 4 we 
must now locate the middle of the beam. If from this centre 
we lay off the half span equal to a, 8's, to 83, and draw the clos- 
ing line for this position of the span, we see as before that the 
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moment given by the ordinate at 4 is for either case almost 
exactly the same. Any less span including the four weights 
would give a less moment; less, therefore, than the moment 
already caused by the three weights. The span 8’, 8’, then 
precisely as before, is the extreme limit upon which the 


three wheels P; to P; cause the greatest possible maximum . 


moment. 

In a precisely similar manner we find that the span sz 8’ 
with a centre midway between a; and 4 is the limiting span for 
the four wheels P, to P;. 

If now the span still increases so that P, comes on, the inter- 
section of the outer polygon sides falls in our Fig. nearly at 4, 
and since this point also happens to correspond almost exactly 
with the angle 3, we take the centre of the beam at 5, The 
greater the span now becomes, the greater the maximum 
moment. The greatest length, however, which the span can 


have without including P,, is twice s, 6, or twice the distance 


between s, and P,. If P, also comes on, the intersection of the 
polygon sides is found at a;, and the nearest polygon angle is 4. 
Midway then between a; and 4 is the new centre of the beam, 
while before P, came on, it was nearly at s, But for centre 
s, the half span was s, 6, while now it is somewhat less than 
46; therefore considerably smaller. Since, however, we wish 
to follow the span as it continues increasing, we must compare 
those two spans which are equal before and after the coming 
on of P,. The right-hand ends of these spans, viz., s’, and 8; 
must evidently be distant each side of 6, by the half distance 
of their centres s, and 4, or a, (more accurately the point half- 
way between a, and 4, but a; and 4 lie in our Fig. so nearly to- 
gether that the centre cannot be indicated more exactly). We 


make then 8, 8’, = dy 8; = M, 6, provided that M, is taken half- - : 


way between the centre s, and az. 


An exact construction shows that the maximum moments for - 


these two spans, the one given by the ordinate through 38, the 


other by the ordinate through 4, are almost exactly equal, and — 


moreover, that the maximum moment for the span §, §, of equal 
jength whose centre is at M, is also almost exactly equal, when 


measured upon the vertical through M,. We can therefore - 


take S, S, as the limit of those spans for which the five wheels 
P, to P; cause the greatest maximum moment. 


Taking on now the seventh wheel, the intersection of the 
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outer polygon sides is at a, and the nearest polygon angle is 5. 
Half-way between a, and 5 we must then take the centre, while 
before it lay at a, (nearly). If we take then My, half-way be- 
tween a, and this new centre, we find precisely as before the 
span § § with centre M,, and right end at P,, as the limiting 
span for the six wheels P, to Ps. The same holds good for the 
span §; S; with centre M;, for the seven wheels P, to P,, and 
so on. If, according to supposition, P; P, P; are 3 ft. 6 in. 
apart, P, and P; 4 ft., and P, and P, 5 ft. 6 in. apart; then for 
spans up to s, s, = say 8 ft., the two wheels P, P; will give the 
greatest maximum moment, and their place upon the beam is 
given by the position of the centre (half-way between a, and 4). 
From about 8 ft. to 15 ft. span, or s, 8, the three wheels P, to P; 
give the greatest maximum moment, ang the centre of the span 
is located at a. For spans from 15 ft. to 19 ft. span, or 9’, s’,, 
the four wheels P, to P; give the maximum moment, and the 
centre is at s;; aud soon. Thus foraspan of any given length 
we have at once the weights and their position, in order to 
cause the greatest maximum moment, as also the place of this 
moment, viz.,.the point vertically over that angle of the equi- 
librium polygon nearest the centre of the span. The ordinate 
through this point included by the equilibrium polygon, and 
the closing line for the given span, taken to the moment scale 
gives this moment at once; or this ordinate taken to the scale 
of force must be multiplied by the previously assumed pole 
distance. 

51. Greatest Moment of Rupture caused by a System of 
Moving Loads at a given Cross-Section of a Beam of given 
Span.—For beams or trusses of long span, which are as a rule 
caused to vary in cross-section, it is not sufficient merely to find 
the greatest maximum moment which a given system of con- 
centrated forces can cause; we must also know for a number 
of individual cross-sections, the maximum moments which can 
ever occur. 

For this purpose the force and equilibrium polygons being 
first constructed, we shift as above the given span along a 
horizontal line, and draw for each successive position of the 
span the corresponding closing line in the equilibrium polygon, 
marking the point where each closing line is intersected by a 
vertical through the given cross-section, which of course moves 
with the span, keeping always the same position with reference 


“ 


~ 


~s 
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to the ends. The points thus obtained form a curve, and the 
greatest ordinate between this curve and the polygon gives the Ht 
greatest moment which can act at the given cross-section. 

This greatest ordinate will always be found at an angle of the 
polygon, and hence a weight must always rest upon the cross- 
section. Since the cross-section itself must lie upon this ordi- 

nate, we have directly the position of the span with reference 

to the given forces. The closing line for this position being 

then drawn, a parallel to it in the force polygon gives the reac- 

tions for this position. 

The reader will do well to make the construction indicated 
for an assumed span and system of weights, to convenient scales, 
checking the results by computation.* 

The above method applies more particularly to sold or 
“ plate” girders, beams, or trusses. It may of course be applied 
to framed structures also, such as those illustrated in chapter 


first, Thus the moment at any point, divided by the depth of 


truss at that point, gives the strain in flanges. The more pre- 
ferable, as perhaps also the simplest method of determining the 
strains in such cases, however, is to find the reactions due to 
each individual weight. Each reaction can then be followed 
through the structure, as explained in that chapter, and the 
strains in every member for every weight in every position can 
thus. be obtained and tabulated. An inspection of the table 
will then give at once the strains due to the united action of 
any desired number of these weights. ; 
We have thus ¢wo methods for the solution of such cases ;_ 
first, by the composition and resolution of forces, and, second, 
by the equilibrium polygon and moments of rupture, and may, 
if we choose, check the results obtained by one method by the 
other. In most practical cases involving framed structures, 
however, the first method is preferable.as being simpler, quicker 
of application, and of superior accuracy. 
For solid-built beams or.“ plate girders,” etc., the second 
method comes more especially into play. The determination 
of the strains in a structure of this kind from the known mo- 
ment of rupture at any point, requires a knowledge of the 
moment of imertia of the cross-section at that point, and this 
may also be found by the Graphical method. <4 


* This construction is given in Art. 15, Fig. VIII., of the Appendix, : e 
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CHAPTER VI. 


MOMENT OF INERTIA, 


52, Tavs far we have seen that by the graphic method we 
can in any practical case determine the moment of the exterior 
forces acting upon a piece at any cross-section of that piece. 
But the exterior forces give rise to and are resisted by molecu- 
lar or interior forces. Now the moment of the exterior forces 
being found, the cross-section of the piece at any point being 
known, and one of the dimensions of this cross-section being 
assumed, it is required to find the other dimension, so that the 
strain per unit of area of cross-section shall be less than the 
recognized safe strain of the material as found by experiment. 

The moment of the exterior forces at any cross-section we 
call the moment of rupture’; and designate it by M. Letd= 
the depth of cross-section.* 

- y=the variable distance of any fibre above or below the 
neutral axis. 4 

8 =the breadth of the section at the distance y from the 
neutral axis, and consequently a variable, except in the case of 
rectangular sections. 

s = the horizontal unit strain exerted by fibres in the cross- 
section at a given distance ¢ from the neutral axis. 

* Then since the fibres exert forces which are proportional tc 
their distance from the neutral axis or to their change of length, 
the unit strain in any fibre at a distance y from the neutral 


axis will be “2, Let the depth of this fibre be d y, then, since 
the breadth of section is 8, the total horizontal force exerted 


by the fibres in the breadth 8, will be = @ydy. The moment 


of this force about the neutral axis will be= Byd y, and the 


* Theory of Strains, Stoney, p. 43, Art. 67, 
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integral of this quantity will be the sum of the moments of all 
the horizontal elastic forces in the cross-section round the neu- 
tral axis, that is, equal to the moment of rupture of the section 
in question. We have therefore 


m= fey dy. 


For a rectangular cross-section, for instance, 8 is constant 


and equal to the breadth 6. Representing the depth by d we 


3 
have M = A. , or if we make ¢ the distance of the extreme 
fibres = g 
8b d? 
M = B 


from which M being known, as also s, if we assume } we can 
find d or the reverse. 


The integral Si By dy is the moment of inertia of the cross- 
section, and may be defined as the sum of the products obtained 


by multiplying the mass of each elementary particle by the 


square of its distance from the ais. [See Supplement to Chap- 
ter VII., Art. 10.] 


From the above, we see its importance in determining the 


strain at any distance from the neutral axis, or in proportioning 


the cross-section, so that the resulting strain shall be less than 
a given quantity at any point. We see also that for a rectan- 


i. een ; 
gular cross-section the moment of inertia is 72° where 6 is the 


breadth and d the depth. 

53. Graphical Determination.—We have already seen 
that the moment of a force, as P, (Pl. 6, Fig. 20) with reference 
to any point, as 0, is given by the ordinate m m multiplied by 
the constant H (Art. 38). The ordinate » m then represents 
the product of P, multiplied by the horizontal distance of 6 


1 
from n. But the area of the triangle 6 n m is mn x 9 bn= 


1 : 
Pi x5 b n’, that is, the area of the triangle b nam represents 


one-half the moment of inertia of P, with respect too. Just 
as the exterior ordinates of the equilibrium polygon have been 
shown to have a certain significance, and to represent the mo- 


a 4 i ed A iw iE. mgt lor” @ «! 6A? - oe Aone eS See 
He Serer Be ee yk hoe > Se ae nr ee bs Neb oo eke z 


ey So 


+ 


ua aa li BREF) 
a" . ‘ 
os F 


CHAP. VI.] MOMENT OF INERTIA. 63 


ments of the forces, so the exterior areas.of the equilibrium 
polygon represent the moments of the moments, or the moments 
of inertia. Thus in Pl. 8, Fig. 30, the exterior parabolic area 
o Cf should be one-half the moment of inertia of the rectangle 
or load area opr A, with reference to the resultant of the area 
forces as an axis. 


Let us see if this isso. The area of the triangle 0 h C is : 


oh x the ordinateS C. This ordinate S C gives, as we have 
seen, the moment, with respect to S, of the reaction. We can 


therefore find its value. Thus if pis the load per unit of length, 
2 


and Z is the length, ce ‘ is the reaction, and = this moment. 


Z 
The area of the triangle o CA is therefore 5 x ~j;- = =;-. 


The parabolic area od/ is 2 of the circumscribing rectan- 
gle. This rectangle is 7 xSd. The ordinate Sd is equal to 
SC—dC. We have already found SC and @C is the sum of the 


moments of P, and P,, or Fest 3 See Hence 8d = 2 _ 


77 4 .°8 
pe: pP : a , 
a 3 The area of the circumscribing rectangle is then 


oe Two-thirds of this is 2 ee which subtracted from ef 


gives for half the moment of inertia = pl. Hence the 


moment of inertia is 55 = P 2, as should be. 


54. Wesee ie. the significance of the area of the equi- 
librium polygon. 

If, when a number of forces are given, we form the force 
polygon, and then the equilibrium polygon, the ordinates to 
this last give the moments to the assumed pole distance. If 
now we take these moments themselves as forces applied at the 
same points, form a new force polygon with new pole distance, 
and new equilibrium polygon, the ordinates to this new polygon 
to the new pole distance will give the moments of the moments 
or the moments of inertia of the forces. The same method is 
applicable to moments of a higher order, but in practice we 
have only to do with those of the second order alone. 

55. Radius of Gyration.*—The moment of inertia of a 
system of parallel forces P, P, etc., in a plane, with reference 


* In what follows we are indebted to Bauschinger. 


4 


64 MOMENT OF INERTIA, [cHaP, VL 


to an axis from which the points of application are distant 9g, gay 
etc., is then S Pg*. This is the product of three quantities, 
one of which is measured by the scale of force, and the other 
two by the scale of length. We can therefore regard it as the 
product, of the square of a certain length by the sum of the 
given forces,or 2 Pg=#X P. Wecall & the radius of 
gyration. 

In order to find the moment of inertia of a system of parallel 
forces then, we must by the preceding Art. construct ¢wo force 
and equilibrium polygons. If the pole distances are H and H’, 
and the segments into which the axis is divided by the produced 
sides of the polygons are P’, P’, and P”, P”, etc., respectively, 
then 

YP/=HH' SP" 
and the radius of gyration is given by 
H H’ 2 fe re PSP 


or, hi= PY fis HH ica 


This expression is easy to Cais Thus for example in 
Pl. 11, Fig 33, let o nC be the first force polygon, 0 the force 
line, containing the forces P; C the pole, and H the pole dis- 
tance. Make o } equal to the second pole distance H,’ and draw 
6 ¢ parallel to m ¢ and c¢ parallel to H, Then 


ao 
et=h= yp 


whence k= of hx p” 


If, therefore, in Fig. 33 (4), mm”, m”, is the segment of the 
axis cut off by the sie sides of the second equilibrium poe 
gon, that is, if m”, m’’ 2= 2 P”, we have only to prolong m”, 
m’’, to Ly, robking m”’ m'’, Ia=h, and describe a semicirele 
upon m”’, L, and erect the parpoudiod lr m” k, which will be 
equal to#. In general, the pole distance H and H’ can be taken 
arbitrarily, but it is often advantageous to take H (sometimes H’ 
also) equal to ¥ P. Then 


pa waP 


We should then have in Fig. 83 simply to increase m’’, my 
by the second pole distance H’, and then proceed as above to 
find &, 
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It is to be remembered that ¢, 92, etc., the distances of the 
points of application of the forces from the axis, may be meas-. 
ured nm any direction, and H is parallel to this direction, and 
is not therefore necessarily perpendicular to o n. 

The above will be rendered plain by reference to Fig. 34, 
Pl. 10. We suppose four forces applied at the points A, 4, A; 
A, respectively, and acting parallel toX XX. Required the mo- 
ment of inertia of these forces and the radius of gyration, the 
distances ¢; ge, etc., being measured parallel to ¥ ¥. First we 
form the force polygon by laying off along X X, 01, 1 2, 2 3, 
3 4, parallel, and in the direction of action of the forces, choos- 
ing a pole C, and drawing C 0, C1, C2, etc. We now construct 
the corresponding eguilibriwm polygon, CI, III, III, II Iv, 
etc. The segments 01’, 1’2’, 2’3’, ete., represent the statical 

‘moments of the forces with reference to KX. That is, these 
segments to the scale of force multiplied by the pole distance C y 
parallel to Y¥ to the scale of distance, give the statical moments 
of the forces. . Now we take these segments themselves as forces, 

and suppose them acting at the former points of application. 

With the same pole as before we draw C0, C1’, C2’, etc., and 

form the corresponding equilibrium polygon CI, ITI’, ILIIY’, ete. 

The sum of the segments of XX cut off by the outer lines of this 

polygon, or 0 y, to the scale of force multiplied by HH’ or C2 

gives the moment of inertia of the forces with respect to XX. 

This moment then is M = 0y x C7 
where 0y = 2P” and Cy7*=HH’. 
The radius of gyration & is, as we have seen, given by 


k= oa SP being equal to 04 in the Fig. Hence 
th / Cy x Oy 
04 


If, then, we lay off 0d = 04, and make 0¢c = Cy, and make 
the angle dce a right angle we shall find a point ¢ to the right 
Cy _ H H’ 
04 ¥P 
a semi-circle, the point of intersection 0’ with the perpendicular 
through 0 will give (Art. 55) 
03’ = Dad e's Oy x - yo HH’ SP” 
=P 
The square r i line, then, multiplied by & P or 0 4, will give 


and 0¢ will be equal to Upon ey now describe 


= k= radius of gyration. 
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at once the moment of inertia of the given four forces with 
reference to X X and Y Y as axes. If we were to suppose the 
same forces with the same points of application to act parallel 
to Y Y¥ instead of X X, the distances g, q, being measured par- 
allel to X X instead of Y VY, we should have the force polygon 
C, O 1, 2, 3, 4, instead of C 06 123 4, and a precisely similar 
construction would give us 0 #@ multiplied by pole distance for 
the moment of inertia, and 0 @’ for the radius of gyration. We 
recommend the reader to follow through the construction as 
shown by Fig. 34. 

56, Curve of Inertia—Ellipse and Hyperbola of Inertia, 
—If having found the radius of gyration as above, we lay it off 
from the axis on either side, in a direction parallel to the direc- 
tions in which 9; g, etc., are supposed measured, and through 
the points thus determined draw two parallels to the axis MM’ 
and M” on either side, and then suppose the axis to revolve in 
the plane of the forces about any point as O situated in the 
axis; the lines M’ and M” also revolve and enclose a curve of 
the second degree, whose centre coincides with O. Thus, if in 
Pl. 10, Fig. 34, we lay off O 6 along Y ¥ on both sides of XX 
equal to 0b’ =& already found, and then let X X revolve 
about O, K J and J K will also revolve, and enclose either an 
ellipse or hyperbola. 

In order to prove this, take O as an origin of co-ordinates, 
Let the co-ordinates of the points of application of the forces A, 
A,, etc., be w, y,, @,%,, etc. From each of these points A draw 
parallels to the axis of y, intersecting the axis of # in the points 
C. Then OC=2,AC=y. Now pass through the point O 
an axis of moments M in any direction, and project for each 
point O C A parallel to this axis upon the line g, which meas- 
ures the distance of each point from the axis of moment (not 
necessarily perpendicular distance). This projection is evi- 
dently equal to g. Denote by a and f the ratios by which dis- 
tances along X and ¥ must be multiplied, in order to obtain 
their projections upon g, by lines parallel to M. Then 

g=an+By 
for each point of application, and hence 
SPgZf=TP(ax+By) 
or since for one and the same axis M, and direction g, a and 6 
are constant, 
SPP=HPXIPL+MISP/Y+2a8rsP xy. 
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In this expression @ and # will vary with the position of M 
and the direction of g, but J P a, 2 Pv’ remain unchanged. 
These last expressions are, however, nothing more than the mo- 
ments of the second order (moments of inertia) of the given 
force system withreferenceto the co-ordinate axis, the distances 
of the points of application being measured in the direction of 
the axis. They are known if the force system is given and the 
co-ordinate system assumed. 

If we put 2>PYv= ASP, SP/Y=VIP,SPwxy=f* SP, 
6 and 4, etc., are the radii of gyration of the moments of inertia 
with reference to # and y, and the above equation becomes 

SPP=SP [Ve t+ PP+2a8 f*] 

If we conceive for the assumed position of M, the radius of 
gyration & to be found, and M’ and M” drawn on either side 
at a distance + %, measured parallel to g, and indicate the dis- 
tances cut off by these lines from the co-ordinate axes by + a, 
+ Ye, and then project these distances parallel to M upon the 
direction of g or k, we have kK=a a, = itr Ye, Whence 


Cte aT a 
Le Ye 
and these values substituted in the above equation give 


ae 
rPg= wz | Ese ke el 4B =P 


where #? is essentially positive in the second term. 
Hence, 


ST, Sale alos Rites Bead (1) 


ee Ye Xe Ye 

If we suppose the axis M to change its position revolving about 
O, the segments » vy, cut off from the axes of w and y by 
M’ and M” alone will change in this equation. It is therefore 
the equation of the curve enclosed by M’ M”. If this curve is 
known for a given force system, then the moment of inertia for 
any axis passing through its centre is easily found. We have 
only to draw parallel to the axis two tangents to this curve, one 
on either side, and measure their distance from M, in the direc- 
tion in which the, distances g of the points of application from 
the axis are taken. This distance is the radius of gyration, 
and the moment of inertia is simply the product of its square 
by the algebraic sum of the forces. 
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We call the curve represented by the above equation there- 
fore, the curve of inertia. If we refer the curve to co-ordinate 
axes which coincide with the conjugate diameters, the equation 
becomes 

A’ FB 

mm i 7 =+1 
where « and y are the new ordinates or tangent intercepts on 
the axes, and A, B, the conjugate semi-axes of the curve. A 
and B are therefore the radii of gyration of the force system, 
measured in the direction of the co-ordinate axes, and hence 

or pede Ga: BP ; 

san BS By capt =P 
where X and ¥ are the co-ordinates of the points of ts 
of the given forces. 

Since 3P ¢° = # =P if the sign of >P gq’ is the same as =P, 
k* is positive. That is, when all the forces act in the same 


2 B’ ; 
direction #’ is positive, and we have = vr 1 which is the 


equation of an ellipse.* 
If, however, the parallel forces act in different directions, %, 
may be positive or negative. For cases where #’ is negative, 
‘either A’ or B’ will be negative, and we shall have 
A’? B’ or, A’? B’ he 
— Fy att ete oi =Fh 
Both cases coincide. The double curve eee of two hyper- 
bolas with common assymptotes, common ‘centre, and equal 
semi-axes. For every axis M passing through the common centre 
O, we have a pair of parallel tangents edther to one or the 


other hyperbola. The corresponding #’ is positive for the one, — 


negative for the other. 


' If, then, in the method of construction to which we shall. 


presently refer, the square of the semi-axis B, which lies in the 
axis of Y, is negative, that hyperbola whose imaginary axis lies 
in ¥ gives # positive, the other gives #’ negative, and reversely 
for the other case. If the axis of moments M coincides with 


* This is readily proved. The equation of a tangent line at any point whose 


co-ordinates are 2", y", is A° yy" + B’ ax" = A’ B*, Fory=o, we have for’ 


2 
the intercept on the axis of X, «= and for 7 = 9, the intercept on the 


2 
ay of Y, y= Substitute these values of @ and y, and we obtain 
y "3 


te +5 =.1, which is the equation of an ellipse referred to its centre and axes, 


Se ee ae 
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one of the common assymptotes, the radius of gyration and 
moment of inertia with respect to it of the given force system 
is zero. | 

57. Construction of the Curve of Inertia.—The curve of 
inertia for a given system of parallel forces and given centre 
O, is determined by the direction of any two conjugate diame- 
ters, since as we have seen in Art. 55, Pl. 10, Fig. 84, these 
directions being assumed we can find the radii of gyration with 
respect to X X and Y Y, and can thus determine Oa and 0, 
the semi-diameters. We have then to develop a principle by 
means of which these directions may be determined. ' 

If we denote the distances of the points of application of the 
forces from the axis of M measured in any direction by y, then 
the statical moments of the forces, P y, are indeed dependent 
upon the direction in which y is measured, but their relative 
values remain the same. If then being found for any direction 
of y, these statical forces are considered as being themselves 


. parallel forces acting at the points of application, and their 


centre of action is found (for gravity—centre of gravity) for 
some other value of y, this centre of action remains unchanged. 
For any axis passing through this centre of action the sum of 
the moments of the forces is zero. If therefore we take a point 
O in the axis M as origin of a system of co-ordinates, whose 
axis OX may lie at will in the plane of the forces, while O ¥ 
passes throngh the centre of action; the sum of ‘the moments 
_of the statical moments P y, considered as forces acting at the 
points of application, with reference to O Y, will be zero. 
These moments however, provided that the distances of the 
points of application are measured along the co-ordinate axes, 
are the moments of imertia, viz. 2 Py. If these are zero we 
see that the general equation of the curve of inertia (1) Art. 56, 
beeomes that of a hyperbola referred to its conjugate diameters 
as axes. With the centre O therefore, the line joining O with 
the centre of action, gives the direction of the conjugate di- 
ameter of the curve. 
This is the principle required. By means of it we can find 
the conjugate diameters of the inertia curve, for a given centre 


 O, and thus construct it. 


58. Construction of the Curve of Inertia for four paral- 
lel forces in a Plane, Example.—As an example let us 
take the four parallel forces in Pl. 10, Fig. 34, supposed 
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to act in different directions, parallel to X X at the points 
A, A,, ete. 

As before we have the force polygon C 0 1 2 3 4 for an arbi- 
trary axis as X X, and from the corresponding equilibrium 
polygon, we determine the statical moments with reference to 
X X, 01’ 1'2’, ete., to the basis C 0. These moments we again 
consider as parallel forces acting at A, A,, etc., for which we 
have C 0 1’ 2’ 3’ 4’ and corresponding equilibrium polygon 
C III’ Ill’,.ete. We then determine the centre of action 8, by 
a second polygon 0” IIL’ IIl”, ete., the sides of which are 
respectively perpendicular to the first, according to the process 


for finding the centre of gravity, Art. 30. Zhe line joiningO 
with 8 gives the direction of ¥ ¥, the diameter of the curye 
conjugate to X XX. To find the length of the semi-diameters — 


Od and Oa, we must find the moments of inertia of the forces 
with reference to X X and Y Y, taking the distances of the 
points. of application as measured parallel to these lines. 
Therefore instead of C 0, we must take C y as basis or pole 
distance, and then find the radii of gyration as already indi- 
cated in Art. 55, viz.,O 6'and Oa’. These distances laid off 
along ¥ Y and X X give the semi-conjugate diameters of the 


_eurve of inertia. 


From the Fig. we see that the force P, whose direction from 
left to right we shall always consider positive, and 3 P=0 4 
have the same sign. On the other hand the total moment of 
inertia 0 y and the moment of inertia of P,, viz., 0 1” have dif- 
Cy x0y 

yP 
is therefore negative, the radius itself or the semi-diameter O 6 
is imaginary. 

In similar manner, we see that Oa the radius of gyration for 
Y Y is real, since the total moment of inertia O # and ¥ P = 0%, 
have the same signs. The curve is then a double hyperbola 
with the conjugate semi-diameters O @ and O 6. 

It is then easy to find the assymptotes K K and J J, and by 
bisecting the angle which they make, the principal axes A A 
and BB. In order to find the length of these axes, we have 
the well-known principle that for any point as a, the product 


ferent signs. The square of radius of gyration ? = 


of ak and & O (ak being parallel to the assymptote J J) is equal — 


4 


A? B? 
to " the sum of the squares of the semi-axes (=). If then 
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we find £7, the mean proportional of O% and £a, and lay it off 
twice from O to D along the assymptote O K, O D is the diag- 
onal of a rectangle whose sides are the principal axes. We 


- thus find the vertices A, A, B, B. 


We can thus construct the curves. Then for any position 
of the axis X X as it revolves about O, we can find the cor- 
responding radius of gyration and consequently the moment of 
inertia, by simply drawing tangents to the curve above and 
below the new position of X X and parallel to it. The radius 
of gyration thus obtained measured to the scale of length and 
multiplied by the algebraic sum of the forces, or 0 4 to the 
scale of force, will give the moment of inertia required for the 
assumed position of the axis. 

59. Central Curve. Central Ellipse.—If the point O about 
which the axis turns coincides with the centre of action (or 
gravity) of the forces, we call the curve enclosed by the paral- 


 lels Ml’ M” at the distance & on either side, the central curve. 


When the parallel forces all act in the same direction this curve 
is always an ellipse. 

For the central curve the principle proved in Art. 57 and 
the method of construction given in Art, 58, are no longer 
applicable, for the algebraic sum of the statical moments of 
the given forces is zero for every axis through the centre of 
gravity. We cannot therefore find the centre of gravity of the 
moments of the forces, when considered as forces themselves 
and applied at the given points of application. 

If we divide, however, these moments considered as forces 
into two portions or groups, and find the centre of gravity of 
each group, the line joining these two points has an important 
property, viz., that for every moment axis parallel to it, the 
algebraic sum of the moments of the statical moments consid- 
ered as forces, that is, the algebraic sum of the moments of 
inertia of the forces, 2s zero. In other words, 2 P ¢ ¢’ is zero, 
e being the distances of the points of application from the first 
axis, which passes through the centre of gravity of the forces, 
and ¢’ the distances from the axis parallel to the line joining 
the two centres of gravity of the two groups of statical moments 
considered as forces. If we draw then through the centre of 
gravity of the forces themselves the moment axis X X, and 
take it as the axis of abscissas of a co-ordinate system whose ¥ 
axis passes also through the centre of gravity of the forces and 


’ where q and g stand in the simple relation 
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is parallel to the-line joining the two centres of gravity of the 
statical moments considered as forces, then the moments of 
inertia S P y w are zero, and hence as in the preceding Art. 
this awis of ¥ is conjugate to X X. 

This holds good not only for the central curve, but also for — 
every inertia curve, whose centre O instead of coinciding with 
the centre of gravity of the forces, lies in the axis passing 
through that centre. In this case also the axis through the 
centre O parallel to the line of union above, is a conjugate to 
XX. Still more, the half length of this conjugate diameter is 
in both cases the radius of gyration of the force system for the 
axis X X and the direction of Y. 

Hence in every inertia curve of a system of parallel forces, 
whose centre lies in an axis passing through the centre of grav- 
ity of the forces, the diameters conjugate to this axis are paral- é 
lel and equal. All these inertia curves are therefore touched . 
by two lines parallel to this axis and equally distant on either . 
side. This distance is the radius of gyration for this axis. 1 

For any such inertia curve, whose centre O is distant ¢ from 
the centre of gravity S of the forces, we call BE and € the par- 
allel conjugate axes to S O for this curve, and the central curve 
respectively; q and q the distances from them of any point of 
application, these distances measured parallel to SO, and con- 
sidered positive when the point of application lies on the same 
side of E or € respectively as the centre of gravity Sfrom BE. 
Then 7, the distance apart of BE and € is essentially positive, 
and if we indicate by @ and a the lengths of the semi-conjugate __ j 
diameters for the inertia and central curve respectively, we 4 
have 

?FP=2Paq@anda FP= FP? 


= gt%. 
Hence 
YP qQ?= FP(q+t)?= TSP P+2t SP 7+7 IP. 
Since € passes through the centre of gravity 3P g =o, and 
therefore | 
SP P= TP PHF STP=— ae FP. 
Herice 
e=a+?, 
an equation which gives the relation between the lengths of 
the semi-conjugate diameters of the central and any inertia 
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curve, whose centre lies upon an axis through the centre of 
gravity of the forces, at a distance 2 from this centre. 

Any two curves at equal distances either side of the centre of 
gravity are therefore equal. If the semi-diameter of the central 
curve ais real, and therefore a? positive, a? is also positive and 
greater than a. All the inertia curves are therefore of the 
same kind as the central curve, and enclose the centre of gray- 
ity. If, however, a? is negative, and the central curve there- 
fore an hyperbola; all those inertia curves whose centres are 
distant from the centre of gravity by a distance 2 less than a 
are hyperbolas also. For a distance ¢ equal to a, the curves re- 
duce to straight lines equal and parallel to the conjugate diame- 
ter of the central curve. For ¢ greater than a, the curves be- 
come ellipses. 

60. Centre of Action of the Statical Moments of the 
Forces,*—We again suppose, through the centre of action of 
the forces S [Fig. 35, Pl. 11] a line NN drawn which cuts the 
central curve at A and A’. Two such points we have in every 
case, except when the curve is an hyperbola, andN N coincides 
with an assymptote. 

Let € be the conjugate axis to N N in the central curve, Ba 
parallel to it through any point o distant 7 from S, and also 
conjugate to NN in the inertia curve whose centre is 0. Then - 
since the statical moments of the forces with reference to N N 
is zero, the centre of action of the statical moments with re- 
spect to BE, considered as forces acting at the points of applica- 


tion, will be somewhere upon, N N. It is required to find 


where. 

We call q the distance of any point of application from E, 
measured parallel to NN, and positive when upon the same 
side of E as §S, then ¢ is essentially positive. 

As before, g is the distance of the points of paaerabih ts from 
©, also measured parallel to N N, and positive in the same 
direction as q. 

Then we have always 


q = +4. 
and for the moments of inertia of the forces with respect to E 
and & 2Pq@’=2P (¢+t)?’=FPP+?7SP 
or when a is the semi-diameter of the central curve,S A= SA’ 
and | =P q’= (a*+7) SP 


* See Supplement to Ohap. VIT., Art. 10, latter part. 
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Let now m be the distance of the centre of gravity or action, 
of the mements of the forces with respect to E, from B, and: m 
its distance from ©, positive the same as q and g. Then 
and since the sum of the moments is equal to the moment of 
the resultant: 

ZPq@’=mZPq. 

But the sum of the moments P q of the forces with reference 
_ to E, is equal to the product of the sum of the forces into the 
distance 7 of the centre of gravity of the forcesfrom E. Hence 

ZPq=72P, 
and therefore 
miP=SPq = (a +) SP, 
or, Me=e+e?. 
Introducing the value for m 
(m+i2t=ae +? 
or m¢ = a’, 

If now a’ is positive, which is always the case for an ellipse 
as central curve, 1 is also positive, and is therefore to be laid 
off from S along NN on the opposite side of € from o. If 
then we conceive an axis E’ drawn parallel to B, and symmet- 
rical with reference to 8, which axis we shall call for conven- 


ience the symmetrical axis to E, we see from the above relation 


that MI is the Aid of this axis in the central curve. 

If, however, a* is negative, therefore a imaginary, i is nega- 
tive, and must be laid off from 8 towards 0, and the point M 
thus found is therefore the pole of the axis E itself, or in the 
case of an hyperbola is the pole of E’ in that hyperbola which 
is not cut by NN, and for which therefore A A’ is imaginary. 

Hence we have the principle-— 

If we consider the statical moments of the forces with refer- 
ence to any acis as E as themselves forces acting at the given 
points of application, the centre of gravity of these moment 
forces does not coincide with the centre of gravity of the origi- 
nal forces, but is the pole * in the central curve of an axis HE’ 
parallel and symmetrical to EB. 

In those cases where the central curve becomes an hyper- 


* PoLAR LINE OF A POINT, in the plane of a conic section, is a line such, 
that if from any point of it two straight lines be drawn tangent to the conic 
section, the straight line joining the points of contact will pass through the 
given point. which is called a pole. 


4 
a 
4 
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bola, we must observe whether the diameter conjugate to the 
moment axis is real or imaginary. In either case the centre of 
gravity is the pole of the line symmetrical to the moment axis 
in that hyperbola for which that diameter is real or imaginary. 

The construction is given in Pl. 11, Fig. 35. 

Upon So’ = So we describe a semi-circle. With S as cen- 
tre, and S A’ = a = semi-diameter of the central curve, describe 
an arc, and from the intersection with the semi-circle drop a 
perpendicular upon So’. The point M thus found is the centre 
of gravity of the moments. For: a? = @M? +m and a M? 
=m (2—m) hence a = n?+m7—n? = mi. The central curve 
being known as also the distance z, the point M can be readily 
found. 

61. Cases where the Direction of the Conjugate Axis of 
the Inertia Curve can be at once Determined.—-There are 
certain special and practical cases in which the conjugate direc- 
tions or axis of the inertia curve can be at sight determined, so 
that only the length of the semi-diameters remains to be found. 
The most important of such cases are as follows: 

(1.) When in a system of parallel forces, these forces can be 
so grouped in pairs, that the lines joining the points of appli- 
cation of each pair are all parallel, and the centres of gravity 
of each pair all lie in the same straight line. Then for the 
central curve and all inertia curves whose centres lie upon this 
straight line, the direction of the axis conjugate to this line is 
the same as that of the lines joining the points of application 
of each pair. 

This is easy to prove. For, for each pair, the sum of the 
moments with respect to the line joining their centres of gravity, 
is zero. These moments regarded as forces and applied at the 
points of application, give therefore for each pair two parallel 
opposite and equal forces, the sum of the moments of which 
for any line parallel to the line joining the points of applica- 
tion, is zero. This is the case for all the pairs, and therefore 
the direction of the lines joining the points of application is 
that of the axis conjugate to the line joining the centres of 
gravity, for the central curve as also all inertia curves whose 
centres lie upon this last line. 

(2.) When the forces can be so grouped that the points of ap- 
plication of each group lie in parallel lines, and the centres of 
gravity of the groups lie in the same straight line. Then this 
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straight line gives the direction for the central curve and every 
inertia curve whose centre lies upon it, of the diameter conju- 
gate to an axis passing through the centre and parallel to the 
lines joining the points of application. 


For if we take any such axis, the pointsof application of the = 
forces in each group are’ equally distant. The statical moments ; 
for each group are then proportional to these distances. If, “s 


therefore, they are considered as forces, their centre of gravity 
coincides with that of the forces themselves, and lies therefore Pet 
in the line joining the centres of gravity of the groups. The ~~ 
centre of gravity of the whole force system lies then in this 

line, which is therefore the direction of the axis conjugate to 

the line parallel to the lines joining the points of application, 4 
in the central curve, and also all curves whose centres lie upon 
this line. pda és 

(3.) When the forces can be so grouped that the centres of the F 
central curves of each group lie in the same straight line, and ‘ 
the diameters in each curve conjugate to this line, are parallel. 
Then in the central curve of the entire system, the diameter 
conjugate to this line is also parallel to these diameters. For, 
for any axis parallel to these diameters, the centres of gravity 
of the moments of the forces in each group lie upon the line 
joining the centres of the curves. The centre of gravity of the 
moments for the entire system lies then also upon this line, 
which is therefore the direction of the axis conjugate to an axis 
paralle] to the diameters of the curves, for any inertia curve 
whose centre lies upon this line. 

In all these cases, if the directions thus found are perpendicu- 
lar, we have to do with the principal axes. 

62, Practical Applications,—We can now apply the above 
principles to practical cases, and as in the determination of the 
moment of inertia of irregular figures, we have to deal with 
triangles, parallelograms and trapezoids, we have first to con- 
sider these three cases. 

1st. The Parallelogram. Pi. 11, Fig. 36. 

The moment of inertia of a parallelogram is, as is well known, 


1 
M = 754 *,* a being the breadth and é the depth, 


cw 


ee a ee ee Pa ee oe 


ee 
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Hence # = a b= radius of gyration, or = xf xo xzb 
That is, the radius of gyration is a mean proportional between 
i 1 
52? and go 


The centre of gravity of the parallelogram is at O the inter- 


_ section of the diagonals, and this is therefore the centre of the 


central curve. 

_ If we suppose the parallelogram divided into lamine parallel 
to DC, and suppose each lamina divided by GH parallel to 
BC, the centres of gravity of each will lie upon GH. Right 
and left of GH we then have a group of forces whose points of 
application lie in lines parallel to G H, and the lines joining 
any pair, one on each side of GH, are parallel. By (1) of the 
preceding Art., therefore,GH and EF are conjugate axes of 
the central curve. For the lengths of the half diameters, we 


find the mean proportional between band : b, z @ and - a, 


respectively, by the half circles BF and BH. We thus find & 
and X’, and can then construct the central ellipse directly, or 
find the principal axes, and then construct it. The centre of 
action of the moments of the parallelogram, with reference to 
any axis parallel to AB, is as we have seen, Art. 60, the pole of 
a line parallel and equally distant from Oon the otherside. If 
we draw this line then, as DC, then from G draw two tangents 
to the central ellipse, and unite the points of tangency by a 
line; the intersection of this line with OG is the centre of 
gravity of the moments of the forces themselves considered as 
forces, or area of the parallelogram, with reference to A B, 

2d. Triangle. Pl. 11, Fig. 37. 

The moment of inertia of a triangle for the axis BC is 


1 I 
re ah® * whence ?? = v7 A?, and for an axis E F distant ¢= 


1 
3 h, which passes through the centre of gravity, 


1 
a = h-—? = 78 h?. (Art. 59.) 


al ios 1 
J ct2 a aa = + a, h doing the line AD, a = BO. 


Pe ery 
‘ ' 


TT 4h ae, |. i, alae he veel eee ..-.¢ eee Ta a 
. Fr. Vv 3 om iy it, * ve ait Pd de la Ages yi a. 
; * = 3 ‘ “ Sie ae 
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The conjugate axes of the central curve are by principlelor 
2 of the preceding Art. EF and A D, : 
The above value of a is then the length of the semi-diameter 


ji ) ae a 
along A D, or a = ghxgh. That is, a is a mean propor- “a 


tional between ! hand 2 


6 3 
OD Fig. 37. 
The moment of inertia of the triangle with respect to A Dis 


1 ’ /1 
ra (5 a) The radius of gyration then is 5 (a) a)? = 


h. This is found by the semi-circle 


Vi(t,).if 1 
3 \52)* 3\g4) oF & mean proportional between 3 and 
1 a 
3 of 0) or DC. 

This is given by the semi-circle on D G = 5D C, and we 
thus have the four points 1 234 of the central ellipse, and the 


semi-diameters 0 1 and 0 3, and can therefore construct it. 
From the central ellipse as before, we can find the centre of 


gravity of the moments considered as forces for any axis par- 
~allel to B C or A D, as also in either case, the radius of gyration __ 


and therefore moment of inertia, for any axis passing through O. 

3d. Trapezoid. P1. 11, Fig. 38. 

Here the lines EF joining the centres of the parallel sides, 
and GBH parallel to these sides, and passing through the centre 
of gravity 0, are the conjugate axes of the central ellipse. 

For the axis A B and direction EF, the moment of inertia is 


1 8% 
12 (a+3 6), 


a and } being A Band C D,and A=EF. The square of 
radius of gyration : then 


a (a+3b) h® 1a+3 5 


ai NORRIS: 
5 (at0) A ak 


h 
* 2 1 
a—(a—bd)~| &@dae=— (a+b) hk. 
jf ie eten st 
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For the radius of gyration for G H, at a distance ¢= +h 
a+2b | 


(@+6y 
This radius a is half the diameter along E F. 
ab 
cl BS 
(a + 6)? eh 
Describe a semi-circle upon E F, and at the centre 0,, and 
at the intersection of the diagonals %, erect perpendiculars 


1 
To construct it, put (8 a)? = 3 ? + 


ab 


(a+ by 


b 
a hand KF =— 5h. If therefore we lay off 


K L equal to J M from J, we have 


2 aa 
FM = / 5 B+ + Gi ae 
and hence the half diameter sought is one-third F M. We 
thus find 0 1 and 0 2. 
To find the other semi-diameter we rae the moment of in- 


o,JandKL, Then FP = : ? and K L?= xz fi, since 


ertia for E F and direction G H, He (+a b+a P+H)*, 


hence the square of the radius of gyration is 
h 
ag 


ae = (#+0) = 3 [ (3 a) - G : | 
2 


This last expression is easily constructed. In the right-angled 


+@b+a gee 


triangle F B N, the hypothenuse F N = \/ (S a)? te (5 o\ 


BN being made equal toC BE. If we describe then a semi- 


b a 
* z Fae Te 
hyd a= 24 pay | 
at f yay h-~—-¥ dy 
0 z 


ee 


7 so ae ee 
i ih 


ee a rey, ee cir ds A, .o_ es a 1 ERS Coe ae 
* gi A 2 i, af aK 
~ : 3 4 fs ; wl » 
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circle upon FU = 5 FN, and make FW =, FN, F Vis the 


semi-diameter sought. We thus find 0 3 and 0 4, and can now 
construct the central ellipse. This being constructed we can 
find the centre of gravity of the moments with reference to any 
axis parallel to A B or EF, according to Art. 60, or the moment 
of inertia for any axis through 0, by drawing a parallel tangent 
to the ellipse. The distance from 0 to the point of tangency 
gives then the radius of gyration for that axis. 

4th. Segment of Parabola. Pl. 11, Fig. 89... 

Let the segment be limited by BC=2h/, and AD=/., 


‘Then it is evident that these two axes are conjugate (Art. 61), — 


and the centre of the central curve is 0, the ratio of AO to 
0D being as 3 to 2. Hence AD and E’F’, parallel toCD 
through 0, are conjugate axes of the central curve. To find the 


length of the semi-diameters along these axes we find first the 


moment of inertia of the segment with reference to an axis ¥ ¥ 
parallel to E’ F’ and tangent to the parabola at A. We have 
then for this moment of inertia 


A 4 
[i aVEpexe d= 7Ph 
0 


where 7p is the parameter the parabola, and? =AD, Since 
the area of the segment is 5 * h Z, we have for the square of the 


radius of gyration 
Bz =F oy 
The square of the radius of gyration then for E’ F’ whose 


distance from A is 47 = : Zis 


3 12 
a=h—#é=7P—>5 wh aaa D, 
a being the semi-diameter along A 5 It is easier here to com- 
pute a, viz., a = 0.26186 7, and lay it off from O, thus finding 
3 and 4. 
.. For the other semi-diameter we find the moment of inertia 


for A D and the direction E' F’. Thus 


“+h +h, ¥ ees 
[pera fei) nara Bie 
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The radius of gyration squared is, therefore, 


4 

nt seen as 
4 Via as 
3 lh 


and hence the radius of gyration is 8 = 0.447214. Laying 
this off from 0, we obtain 1 and 2, and can therefore now draw 
the central ellipse. 

63. Compound or Irregular Cross-Sections,—Every cross- 
section may be divided up into trapezoids, triangles, parallelo- 
grams and parabolic segments, und the above cases will aid us, 
therefore, in the application of the graphic method to compound 
or irregular cross-sections. The engineer is often called upon 
to determine the moment of inertia of such sections as the T, 
double T, or different combinations of these in proportioning 
the different pieces of bridges, such as chords, struts, floor-beams, 
ete., as also in many other constructions. The calculation for 
such cross-sections is sometimes very laborious. As an example 
of the application of the graphical method best illustrating the 
above principles, we take the cross-section shown in Fig. 40, 
Pl. 12. 

First we divide the cross-section into a series of trapezoids. 
The first segment, bounded by a curve, we may consider a para- 
bolic area. These trapezoids we reduce to equivalent rectangles 
of common base a [ Art. 32], and take the corresponding heights 
as forces. These forces we lay off in the force polygon and 
choose a pole C at distance H from force line, drawing C 0, C1, 
C2, etc. Parallel to these lines we have the first equilibrium 
polygon’ I II III.... VIII, the intersection of the two outer 
sides of which gives the point of application of the resultant. 
The intersection S of the resultant with the axis of symmetry 
gives the centre of gravity of the cross-section [Art. 30]. The 
segments o 1’, 1/2’, 2’3’, ete., cut off from oS, give the statical 
moments of the forces with reference to 0 S to the basis H. 
We now choose another pole C’ at distance H’, and form another 
force polygon, considering these moments as forces, and applied 
at the centres of action of the moments of the separate areas 
into which the whole cross-section has been divided. These 
centres of action can be determined by forming the central 


ewrve for each area according to Art. 62, and then applying the 
6 


Ae 


£ 
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principle of Art. 60, A little consideration will show that these 
centres of gravity will coincide approximately with the centres 
of gravity of the areas themselves, except for areas (3) (4) (5) 
and (6). Finding then for these areas the centres of action of 
the moments considered as forces, we construct the equilibrium 
polygon O' I’ Il’.... VIII’. The distance 0” 8” cut off by the 
first and last sides of this polygon gives the moment of inertia 
to the pole distances H and H’ and the reduction base a. Thus 
0” 8” measured to scale of force and multiplied by a H H’ is 
the moment of inertia of the cross-section with reference to 0S. 
aH H’ 08” 

a08 

The division will be performed if we take H’=08=2ZP., 
This we can easily do now without drawing a new polygon, 
since what is required is the intersection of the outer sides only. 
Thus take a new pole C,’ distant from 0 8, H’=08. Nowwe- 
know that each side of the new polygon for this pole distance 
will intersect the corresponding side of the first in a line paral- 
lel to o C,’ [Art. 27]. Since the new polygon may start from 
any point, we may take the first side to coincide with O VIII’. 
Then the line of intersection of any two sides is O VIII’ 8”. 
Produce any side as IV’ V’ to intersection ¢ with this line ; from 
é draw ¢ a,’ parallel to C,' 4’. 

Through a’ the intersection of o’ Il’ and V’ IV’, the resultant 
of (1) (2) (8) and (4), must pass. The change of pole cannot 
affect this resultant, which must therefore pass through a’, the 
intersection of ¢ a,’ with the vertical through a’ parallel to oS. 
Hence 0,/ a,’ is the direction of the last side of the new poly- 
gon, and 8’’0,” is the moment of inertia for the new pole dis- 
tance oC,’ = 08. The radius of gyration then is k = 7 H 0,8”. 
In other words, /-is a mean proportional between H and 0,/’8”. 
The construction of / is given by the semi-circle described upon 
0,’8” + H. The ordinate to this semi-circle through 0,’ per- 
pendicular to 0S gives & We thus find the semi-diameter 
Sa=Sa’ of the central ellipse. 

In order to find the other semi-diameter S d = S 0’, we might 
divide the cross-section into areas by lines parallel to S X, and 
then proceed as above. This is, however, unnecessary. With 
the same areas as before, we can find the central curve for that 
area on each side of XX, and then the centre of application of 


The radius of gyratio.: is then & vi 
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the moment of each of these areas with respect to X X itself, 


considered as a force. The method of procedure is then pre- 


cisely as before. We draw a polygon the sides of which are 

respectively perpendicular to those of the first polygon, and 

thus find the statical moments 0” 1” 1’” 2”, etc., to basis H. 
Choosing then a pole C’” at distance H’” and drawing the 


corresponding polygon, we have 081Y for the moment of in. 


oH” 08 
a08 ° 


ertia. The radius of gyration is then k= 


los 


We have taken H’” = 5? 8, hence 4 = vi H08!", HencekZ 


| alas 
is a mean proportional between 9 08'¥ and H. The construe- 


ce 
tion is given in the Fig. by asemi-circle upon H+908'Y. We 


thus find the semi-axis S d’ = $4, and can now construct the 
central ellipse. We have thus found graphically not only the 
moments of inertia of the cross-section with respect to KX X and 
¥ Y, but, by means of the central ellipse, for any other axis in 
the plane of the Fig. passing through S. 

64.—The above method of procedure holds good generally 
for any cross-section, except that, when there is no axis of sym- 
metry, the centre of gravity must be found by a second equili- 
brium polygon whose sides are respectively perpendicular to 
those of the first. When the moment of inertia with reference 
to a single axis only is required, the above method becomes 
quite short and simple, as well as accurate. In our Fig. the 
scale used as also the number of divisions taken make the pro- 
cess appear more complicated than it really is. 

With this we shall close our discussion of moment of inertia, 
merely observing, that all the principles deduced in this chap- 
ter for forces acting in a plane hold equally good for forces in 
space. The central curve then becomes an area, we have a mo- 
ment plane instead of moment axis M, and the ellipse and hyper- 
bola of inertia become ellipsoid and hyperboloid respectively. 

For a much fuller discussion of the subject than is possible 
here, we refer the reader to Culmann’s Graphische Statik, pp. 
160-206 ; also Bauschinger’s Llemente der Graphischen Statik, 
pp- 116-168. To the latter we are largely indebted in the 
preparation of the present chapter; Plates 10 and 12 are, with 
slight alteration, reproduced from that work. 
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65.-—Under the head of Parallel Forces we have already 
given the general application of the graphical method to the 
determination of the moments and shearing forces in beams 
resting upon two supports only. We shall now take the sub- 
ject up more in detail, and show the methods of determining 
the maximum strains for all the possible conditions of loading 
which may occur in Bridge Girders. In the following we shall 
adhere closely to the development of the subject as given by 
Winkler. [DerBriickenbau, Wien, 1872.] 

66, Forces which act upon a Bridge.—The forces which 
act upon a bridge may be enumerated as follows: 

1st. The weight of the bridge itself—tThis, previous to the 
calculation of the strains, is unknown, since it depends upon the 
intensity of the strains themselves. It is customary to asswme 
the weight to begin with, by comparison with existing struec- 
tures of similar character, and then to find the resulting strains, 
The weight answering to these strains can then be easily ascer- 
tained; the strength of the materials used being known, and 
compared with the assumed weight. According as it is less or 
greater, the weight was then assumed too great or the reverse. 
A second approximation to the true weight may then be made, 
and the strains proportionally diminished or increased. As 
rules for estimating the weight of bridge girders under 200 feet 
span, we have, for weight of girder G, 
_wWwPR 
~ 12fda’ 
where W = the assumed approximate total distributed load: in 
tons, including the weight of girder ; 

“ = length in feet ; 
d = depth in feet; 


G 
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f= the working strain in tons per sg. foot of cross-section. 
(See Stoney, Theory of Strains, vol. ii., p. 441.) 

_ We have also the rule: “ Multiply the distributed load in 
tons by 4; the product is the weight of the main girders, end- 
pillars and cross-bracing in pounds per running foot.” Iron is 
taken at 5 tons per sq. inch tension, and 4 tons per sq. inch 
compression. 

2d. The moving or live load ; which is determined by the 


_ purpose of the bridge. This load can take various positions 


upon the bridge, and may even be divided into several por- 


tions. It is therefore an important problem to determine that 


distribution which shall cause the maximum strains. 

The live load is, as the term implies, in motion, so that, in 
combination with tlie deflection, there is a centrifugal force, 
or increase of pressure. This is, however, in practice disre- 
garded, while such a coefficient of safety is chosen in propor- 
tioning the parts, that the increase of strain due to this cause is 
fully covered. 

3d. Horizontal Sorces, caused by the wind and the passage 
of loads. 

4th. Pressures at the supports. The known forces cause re- 
actions at the supports, which evidently must also be considered 
as forces acting upon the bridge girder. For straight girders, 
these reactions are vertical, while in suspension and arch sys- 
tems they are inclined. 

67. Bridge Loading.—The heaviest load to which a railway 
bridge can be subjected is when it is covered from end to end 
with locomotives. “The standard locomotive is assumed to be 
24 feet long, and to have six wheels with a 12-foot base; to 
have half its weight resting on the middle wheels, and one- 
fourth on the leading and trailing pairs respectively, which are 
supposed to be at equal distances on either side of the middle 
wheels.” (See Stoney, vol. ii., p. 405.) The standard engine 
is assumed to weigh 24 tons, 30 tons and 32 tons, according to 
the construction. This makes the standard load 1 ton, 1} ton, or 
14 ton per foot of single line. Short bridges of less than 40 
feet span must be considered as subject to concentrated loads 
from single engines. 

The maximum load for public bridges is recommended by 
Stoney at 100 lbs. per sq. ft. 

68. In the Straight Truss all the Outer Forces act ina 


a ts 
ra! 


Vertical Direction,—The strain in any cross-section depends z 
upon, first, the resultant of all the outer forces acting either ~ 
side of the cross-section; and second, the statical moment of — 
these forces with reference to the cross-section. The first, or _ 
the algebraic sum of all the forces acting between the cross- : 
section and either end, we call the shearing JSorce for this cross-— 
section, and indicate it by S. It is also designated as vertical — 
Sorce, or transverse force. The moment of the resultant, or 
the algebraic sum of the moments of all the exterior forces, 
with reference to any cross-section, we call the moment for this # : 
cross-section, and indicate it by M. It is also called bending — ua 
moment, or moment of rupture. For example, in a lattice 4 
girder with horizontal flanges the strains in the web are pro- — 
portional to the shearing forces, those in the flanges to ys n “4 
bending moments. — 

The shearing force is considered positive when it acts on ta: = 
left side upwards, or on the right side downwards. The mo- | * 
ment M is positive, when on the left side the tendency of rota- = 
tion is to the left, on the right side to the right, or when at tends 
to make the girder convee upwards, that is, causes compEnay te 
in the lower fibre or flange. 
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CHAPTER VII. 


SIMPLE GIRDERS. 


69, Action of Concentrated Loads—Invariable in Posi- 
tion, “simple girder” we understand a girder resting 
upon two supports only, in opposition to a continuous girder 
which rests upon more than two. 

Suppose a number of forces P, .. . P; acting at various points. 
[Fig. 41, Pl.13.] We form the force polygon by laying off the 
forces to scale one after another; then choose a pole O, and 
draw 00,0 1, O 2, etc., to the points of division. Parallel to these 
lines we draw the lines of the equilibrium polygon between the 
corresponding force lines prolonged. If now we close the poly- 
gon thus formed by the line A B, and draw through O the 
parallel OL to AB, the segments 0L and L5 of the force 
line give the reactions V, and V,. Further, the shearing force 
between A and P,isS,=V,=1L0; between P, and P,, 8, = 
V,—P,; at P;,&; = V,—P,—P,, etc. That is, the shearing forces 
are the distances of the points of the force polygon from L. It 
is easy, then, to construct them, as shown in the lower shaded 
area of the Fig. (See also Art. 46.) 

If in the equilibrium polygon we let fall at any pint a ver- 
tical as 1K, and from K draw K L perpendicular tn A B, and 
indicate by H the horizontal pull, by L the strain in A B, and 
by M the sum of the moments of all forces left of I K, then, 
for equilibrium about K, we have M = LxKL=LxIK cos 
IKL, or, since the angle IK L=LOH in force polygon, 
LxcosI1KL=H, and hence M=HxIK, or representing 
the variable rmliccata IK by y: 

M=Hy. 


But H is the distance of the pole O from the force line ; 
the moment at any point is therefore proportional to the verti- 
cal height of the equilibrium polygon. (See also Art. 38.) If 
we take H equal to the unit of force, we have 


M=y, 
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so that in this case the moment at any point is directly given 
by the ordinate of the polygon at that point. It is this impor: 
tant property of the equilibrium polygon which renders it espe- 
cially serviceable in the graphical solution of this and similar 
problems. 

70. Concentrated Load— Variable Position—Shearing 
Force.—If the load lies to the right of any given cross-section, 
then the shearing force at this cross-section will be S=V,, or, 
since we regard a force to the left acting up as positive, S is 
positive. As the load P moves towards the left, V, or S in- 
creases. When the load is to the left of the cross-section, the 
shearing force at the cross-section is S= V, — P, and since P 
is always greater than V,,8 is negative. The nearer P ap- 
proaches the cross-section, the smaller is S—algebraically. 

Hence: a concentrated load causes a positive or negative 
shear, according as it is to the right or left of the cross-section 
considered, and the shearing force is greater the nearer the load 
a8 to the cross-section. 

Moments.—lf the load lies to the right of the cross-section, 
the moment is M = — V, a, x being the distance of the cross- 
section from the left support. IM is therefore negative and in- 
creases with V,; that is, as the load approaches the cross-sec- 
tion. If the load is on the left of the cross-section, M = — V, 
(1 — a), V, being the reaction at the right support. Here also 
IM is negative ‘and increases with V; 2; that is, as the load ap- 
proaches the cross-section. 

Hence: a concentrated load wherever it lies causes in every 
cross-section a negative moment, which for any cross-section ts 


a maximum, when the load is applied at that cross-section. 
71. Position of a given System of Concentrated Loads 


causing Maximum Shearing Force.—If P, is the swm of all _ 


the loads to the left of any cross-section, the shear at that eross- 
section is S=V,—P,. As the system moves to the left with- 
out any load passing off the girder or any load passing the cross- 
section, V, and therefore S increases as long as 8 is positive, or 
as long as V,>P,. If a load passes off the girder, then for the 
remaining loads S increases anew as the system moves ‘to the 
left, until a load of the system passes the cross-section in ques- 
tion. The same holds good for a system moving to the right, 
where S is negative. 

Hence: the shearing force is a maximum for any point, 
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when there is a load of the system at that point, and the maxi- 
mum is positive or negative, according as the load lies just to 
the right or left of the point. 

Since for a single load (Art. 70) S is positive or negative, ac- 
cording as the load is to the right or left, S will be in general 
a positive or negative maximum when all the loads.lie to the 
right or left, and the heaviest nearest the cross-section. Only 
in cases where a small load precedes, can S be greatest when 
the second load lies upon the point in question. 

If P is the resultant of all the loads and £8 its distance from 
the r2ght support, 


Vi = P 8 and therefore S = P Bins P;. 


Z d 
Therefore S will vary as the first power of z,.the distance 
of the cross-section from the left support, provided. that no 


- wheel passes beyond the support. Therefore, between any two 


cross-sections for which the load on the girder remains the 
same, the shear S ts represented by the ordinates to a-straight 
line. 

72. Construction of the Maximum Shearing Forces,— 
Construct the force polygon with the given loads; choose a . 
pole O [Pl. 13, Fig. 42 (a)] and draw the corresponding equi- 
librium polygon. It is required to determine the shear S at a 
cross-section distant « from the left support, under the suppo- 
sition that the first load P, of the system, moving towards the 
left, acts at this cross-section. 

_ Determine upon the outer side P, A of the polygon passing. 
throngh the point P,, a point A distant from P, by the distance 
g, and then find the point B upon the polygon distant from A 
by 7, the length of span, and draw AB. Parallel to AB draw 
O Lin the force polygon, then AL = V,=§, the shear at P,. 
Drop a vertical through B intersecting P, A. prodnuped, in M; 

then the triangles OA L and AM Bare similar, and there- 


foe S=AL=BM®% p when @ is the pole distance. If we 


choose a = /, then S= BM. 

Hence: the maximum shearing forces. are proportional to 
the vertical segments between the equilibrium polygon and the 
prolongation of the outer side. taken at the end of the system, 
or are equal to these segments if the pole distance is taken equal 
to the span ; provided that the last load is at the cross-section. 
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We have, therefore, the simple construction given in Pl. 13, 
Fig. 42 (6). The positive and negative values of S equally 
distant from the right and left supports are equal, so that it is 
only necessary to construct S for one value. [See also Art. 
78.] 

If the second load is to be at the cross-section, and if e is the 
distance between the first and second, we draw first a line 
e—@ 

d 
polygon, for which the second load lies on the right support B, 
and whose second side (between second and third loads) coin- 
cides with the above line. The ordinates to this line above the 
axis of abscissas will give maximum of + 8. 

73. Maximum Moments,—Since, according to Art. 70, a 
concentrated load causes a negative moment at any point, 
wherever it may lie, we must have evidently loads upon both 
sides of any point, in order that the moment may be a maxi- 
mum. Since a single load causes a greater moment at any 
point the nearer it lies to that point, the greatest load must lie 
nearest the cross-section in question. The method of loading, 


whose equation is y= P, , and construct, as above, a 


causing maximum moments, can be best determined for a dis- — 


tributed load (not necessarily wniform). In this case the equi- 
librium polygon becomes a curve [Pl. 13, Fig. 43]. If in this 
curve we draw A B, and take C so that AC:CB:iv:/—4a@, 
then CD=M for. Suppose A B to take the position A’ BY, 
the horizontal protection of CC’ being indefinitely small, 
then C’D’=M+d™M. In order now that M may be a 
maximum, C’ D’ must be equal to C D or CC’ parallel to D D’, 


If in the force polygon O A, is parallel to A A’, O B, to B B’, 


and OD, to DD’, then A, D, and D, P, are the loads upon 
AC and BC, 
Draw through C a vertical, and through A, A’, B, B’, paral- 
lels to C C’ or DD’ intersecting this vertical in E, E’, F, F’. 
Then CE:CF::AC:BC!::a:l—2, 
CH :CF::A'OC:B OC ::2:l—a; 


therefore 

CE:CF::CE’:CF,orCH’:CE::CF’: CF; 
also On’—CE:OF'-—CF::CE:CF, 
that is, EE’: FF’ ::a:l—@. 


If now we draw through A’ and B’ parallels to C C’, or D D’ to 
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intersections H and I, we have AH=EE’,IB/=FF’, Since 
the triangle A A’ His similar to O A, D, and B B’I to OB, D,, 
and since A’ H = BI, we have 

A, D,:3,D,:;AH: BI:: BH’: FR’ °>: a: l—zs. 

Since A, D, equals the‘load P, on A C, and B, D, the load P, 
on BC, we have P,: P,:: a: l—z. 

The same will hold true approximately for concentrated 
loads. Hence, im order that the moment at any point may be 
a maximum, the system of loads must have such a position 
that the loads either side of this point are to each other as the 
portions into which the span rs divided. 

In Pl. 18, Fig. 44, let CD give the moment atC. If the line 
AB moves so that the horizontal projections of A C and BC 
remain equal to # and /—a, then as long as the ends Aand B 
move on the same straight lines, the point C will also move ina 
straight line. The point C describes, therefore, a broken line. 
The verticals between this line and the polygon correspond to 

‘the moments for various positions of the load and a given value 
of x. Evidently the greatest ordinate will be over an angle of 
the equilibrium polygon which is not under an angle of the 
line described by C—that is, for M maximum,a load must lie 
upon the cross-section. 

For any cross-section, then, the moment is a muximum when 
@ load is applied at this cross-section. Which of the loads 
must be so applied is determined by the preceding rule. 

74. Construction of Maximum Moments. — After the 
equilibrium polygon has been constructed, in order to find M 
for a point C (Pl. 18, Fig. 45), we determine two points F and 
G upon the polygon which are distant horizontally from the 
load on the given cross-section corresponding to the angle EB by 
distances AC, BC. Then draw FG, and the vertical K E is 
equal to M hers the pole distance is unity. We make CI— EK, 
In this way we can construct the moments for different loads 
of the load system at the given cross-section, and thus determine 
that position of the load which gives the maximum moment at 
the cross-section. 

Generally when K E = y, and the pole distance is a, we have 
M=ay. The pole distance a is measured to the scale of 
force, and then y is given by the scale of length. The unit for 


M, in order that M may be equal to y, is evidently =th part of 
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the unit of length (when the pole distance is a force units), or, 
what is the same thing, one unit of length is equal to a moment 
units. The same equilibrium polygon can be used for any 
number of girders of various spans, hence the method is of very 
rapid application. 

75. Absolute Maximum of Moments.—Since for any cross- 
section M is a maximum when a load lies at that section, a load 
must also lie upon the cross-section for which M is an absolute 
maximum. 

If the line A B slides upon the equilibrium polygon, altering 
its length so that its horizontal projection is constant and equal 
to /, it will envelop a portion of a parabola so long ‘as its ends 
move in the same sides of the polygon. [PIl. 13, Fig. 46.] The 
curve thus produced is therefore composed of portions of a 
parabola. Let the ordinate DC correspond to the moment at 
the point of application of the load P. DC will be evidently 
greatest when A B is tangent to the curve at C,so that the 
maximum of the moments occurring at Dis given by the dis. 
tance C D between the polygon and curve enveloped by AB. 

Let the prolongation of the sides upon which A B slides meet 
in E, and FG be the tangent to the parabola at the point H in 
the vertical through E, so that F H = HG, and let I be the in- 
tersection of AB and FG. Draw through A a parallel to EB, 
intersecting F Gin K. ‘Then the horizontal projections of A F 
and A K are equal, since those of E F and EG are equal. 

Since, however, the projections of F Gand A B as also of 
A F and GB are equal, A K must be equal toGB. Hence 
AI=BI. Ina parabola the distances of the three diameters 
passing through two points and the point of intersection of the 
corresponding tangents are equal, hence the projections of HI 
and C I are equal. 

The middle point 1 of the sano A B hes, then, half way 
between the angle D vertically below the point of tangency and 
the intersection E of the sides upon which tt slides. 

Since the projection of AB is 7, its construction is easy. 
The construction must, of course, be repeated for each angle, in 
order to determine that for which M is an absolute maximum. 

The above principle may, then, be thus expressed: The mo- 
ment at any load is a maximum, when this load and the result- 
ant of all the loads are equally distant from the centre of the 
girder. (See also Art. 48.) 
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76.—In Arts. 46 to 50 the above principles have been already 
deduced so far as relates to the moments alone, and.a reference 
to Art. 49 will show their application to the investigation of the 
effect of a’system of loads moving over the girder. We pass 
on, therefore, to ; 


CONTINUOUSLY DISTRIBUTED LOADING. 


- Suppose the load » per unit of length laid off as ordinate. 
The area thus obtained we call the load area. Pl. 13, Fig. 
46 (0). 

- The equilibrium polygon becomes here a curve, for which 
the same law holds good. If we draw tangents to the curve at 
the points D’ and E’ corresponding to D and B, intersecting in 
C’, then the resultant of the load upon D E passes vertically 
through C’, or C’ is vertically under the centre of gravity of the 
area DD” BE’ E. 

‘If we consider the load area divided into a number of parts, 
the resultant for each will pass through the intersection of the 
tangents at the points vertically under the lines of division. 
Since these tangents are parallel to the lines in the force poly- 


' gon corresponding to these lines of division, they form the 


equilibrium polygon for the concentrated loads, or resultants of 
the portions into which the load area is divided. 

Hence: tf we divide the load area into portions, and replace 
each by a single force, the sides of the corresponding polygon 
are tangent to the equilibrium curve at the points correspond- 
ing to the lines of division. (Art. 42.) 

77. Total Uniform Load.—In this case the reactions at the 


supports are V, = V, = E pl. Hence, for any cross-section dis- 


tant # from the left support, the shearing force is 


S=V\—pe= Sp (c—2 a). 


For «= 51; S=0. Sis greatest for e—0and for x=; 


1 
that is, maximum S = + SP l,and S = — 9? d. 
The moment at any cross-section is 
1 1 
M=—Vaetzpxv=— 5px (l—2) 


M will be greatest for 2 = : i, and 


hd ae a 
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Max. M = — 4p? 


The shearing forces are, then, given by a straight line inter- 
secting the span in the middle, the ordinate at either end being 


: pl. [Pl 14, Fig. 47] 


The moments, as we have already seen [ Art. 44, Fig. 30], are 
given by a parabola whose vertex is in the centre of the span 


and whose middle ordinate is - pF. Since we have seen [Art. 


70] that a load at any point causes at every point a negative 
moment, the maximum moment at any point will be when the 
whole span is loaded. 

78. Method of Loading causing Maximum Shearing 
Force.—We have seen [Art. 70] that a single load causes at 
any point a positive or negative shear, according as it lies upon 
the right or left side of the cross-section at that point. Hence, 
for a uniform load, 

The shearing force will be a positive or negative maximum 
according as the load reaches from the right or left support to 
the cross-section in question. For the positive maximum we | 


Mer 

have V, = p (l—2) i aig = pe 2 . Therefore,max.+S= — 
(7—a)’ 
5? be 


For the graphical determination we can apply the method 
given in Art. 72, Fig. 42, by which we have for max.+§8 and 
max.—S two parabolas whose vertices are at the ends of the 


span, and whose ordinates at these points are +z and — t : 
Since, however, each point is found thus from = oe 
the construction is not very exact. We may deduce a better 
construction as follows. [Pl. 14, Fig.48.] Through any point 
F of the curve drop a vertical intemecting A B in C and the 
line B K parallel to the tangent at Fin G, Let the tangent 


at F intersect ABinH. ThenCH = BH; hence,CF = : CG. 


We have, then, A= AD=5 pl. Since CF=5 C G, 


we have also AI=+ AK; therefore, AI: AB::;AK:AD., 
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Hence the following construction: 
Make AE = pl. 


Divide A E and A B into an equal number of equal parts, and 
draw lines from B to the points of division of A E, and verticals 
through the points of division of AB. The curve passes” 
through the points of intersection of corresponding lines. 

79. Live and Dead Loads.—Let p be the load per unit of 
length for dead, and m for live load. The maximum moment 
for any point will be as before. | 


M=— 5 (p+m) «x (l—w); that is, will be 


given by a parabola whose middle ordinate is — - (ptm) P. 


For the shearing sae we have 
(=a), 
l 


eo 
Max.—S == p(l—2 “)—5m T 


Indicate A C [Fig. 49, Pl. 14] by 2, for which max.—S= 0, 
then 


ee 2a)+5 —M 


0=pl (l—2 a)—m a}, 
or a2+2L1e,—-2P=0 ; 
m m 


hence 


l m 
For the point D for which max.+S=0,BD=2, The 
shearing force within AC is positive, within BD negative, 
while within C D it is both positive and negative. 
For Z=5, 10, 20, 50, 75, 100, 150 metres, 


F019 0.19 0.81 0.64 1.08 1.55 3.12 
AC=BD=0.24 0.29 0.33 0.88 0.42 0.44 0.462 
CD=0.52 0.42 0.84 0.24 0.16 0.12 0.087; 


that is, CD diminishes with increasing span. 
Recapitulation,—For girders of a length of about 100 feet 
or more, then, we may consider the live load as distributed 


SPL B. 
Mm 


_ per unit of length. The maximum shearing force can then be 
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easily found according to the preceding Art., while the maxi- 
mum moments will be given by the ordinates to the parabola 
for full live and dead load [Fig. 30, Art. 44]. For a framed 
structure, we have simply to multiply the shear at any point 
by the secant of the angle which the brace at that point 
makes with the vertical, in order to find the strain in that — 
brace. - The moment, divided by the depth of truss at the point 
in question, gives the strain in the flanges. For a plate girder, 
the moment being found as above, and one dimension as the 
depth given, we can, from Art. 52, so proportion the other di- 
mension as that the strain in the outer fibre shall not exceed 
the amount allowable in practice. The preceding Art. as also 
Arts. 78 and 44 and 52 are all that we need to refer to for all 
practical cases of parallel flange girders of large span. 

The preceding will complete our discussion of the simple 
girder. We have only to remark here that the strains due to 
rolling load will, in general, be most satisfactorily found by the 
method of resolution of forces, as illustrated in Art. 12. By 
this method we first find the reactions at the supports for a sim- 
gle apex load, either graphically or by a simple calculation 


[ v.= = 1, and then follow this reaction through the 


girder, and find the resulting strains. We can thus find and 
tabulate the strains in every piece due to a weight at each and 
every apex. The maximum strains can, then, be easily taken 
from the table thus formed. When the live load is supposed 
thus concentrated at each apex, it is, as we have seen in Art. 12, 
unnecessary to follow through every reaction. The reactions 
due to the first and last weights are sufficient to fill out the 
table. For solid-built beams or plate girders, the principles of 
the present Chap., therefore, come more especially into play. 
(See also remarks at close of Chap. V.)" 

The preceding principles will, it is hoped, be found sufficient 
to enable the reader to find the maximum moments and shear 
at each and every cross-section of a beam of given span rest- 
ing simply upon two supports, and acted upon by any given 
forces or system of forces in any given position. The reader 
will do well to take examples of simple trusses, and check the 
results obtained by the method given in Chap. I. by the above 
principles.. The method of tabulation of single apex loads 
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upon which we lay so much stress is fully given by Stoney 
{“ Theory of Strains,” vol. i.], and the examples there given will 
be found of service. 

Finally, then, the strains in upper and lower chords are great- 
est for full load over whole span. We have, therefore, only to 
erect upon the given span a parabola whose centre ordinate is 
(p+m) P 

8 > 
m for live load [Art. 44]. The ordinates to this parabola at 
any point give at once the maximum moment at that point. 
The depth of truss at this point, if a framed structure, or the 
moment of inertia of the cross-section at this point, if it is a 
solid beam [Art. 52], being known, the strain in the flanges or 
outer fibres may be easily determined. The strain in the web is 
given by the maximum shear. For dead load alone this is 
given by the ordinates to a straight line passing through the 


where p is the load per unit of length for dead, and 


centre of span, whose extreme ordinates areB [Art. 77]. The 


maximum shear due to live load alone (m 2) will be given by 
the ordinates to two semi-parabolas, convex to the span, having 


their vertices at each end, and the extreme ordinates — [ Art. 


78]. At any point, the greatest of the two ordinates to these para- 
bolas is to be taken. For live and dead loads together, Art. 79 
may also be useful. The shear being known, the strain in any 
diagonal is equal to the shear multiplied by the secant of the 
angle made by the diagonal with the vertical [Art. 10 of Ap- 
pendix] for parallel flanges. Yor flanges not parallel, we must 
find the resultant shear as given in Art. 16 (4) of Appendix, 
or, better still, the flanges once known, the diagonals can be 
diagrammed according to the principles of Chap. I. 

For the investigation of load systems, the principles of 
Arts. 70-75 will be found sufficient, and the application of 
these principles we have already sufficiently illustrated in Arts. 
49-51. 
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SUPPLEMENT TO CHAPTER VIL 


CHAPTER 1. 


METHODS OF CALCULATION. 


1,.—In Chapter I. of the text we have already obtained a method of dia- F 


gram which will be found both simple and general, and by which we can 


readily determine the strains for any given loading in any framed struc- — | a 


ture, no matter how irregular in its shape or dimensions, provided only that 
all the outer forces are known. 

In Chap. VIL. we have also been put in possession of another method of — 
diagram, by which we may for any structure of the above class, framed or 
not, determine the moment at any point, and can then properly proportion 
the cross-section. ' 

Thus far, indeed, we are unable to apply these methods to the continuous 
girder or braced arch, as in these cases there are not only upward reactions 
‘but also end moments, and in the latter case a thrust also, which must first 
be determined. The determination of these requires that the elasticity of 
the material and cross-section of the structure be taken into account. But 
with these exceptions, and they are of rare occurrence in practice, we can 
already solve any case which may present itself. 

In the Appendix, if he has attended to our numerous references to it, 
the reader will have already become familiar with two corresponding meth- 
ods of calculation, viz., that by resolution of forces and that by moments. 

It is, however, in many cases desirable to know not only the strains in 
every piece of a structure, but also the deflection of the structure, and this 


also requires a knowledge of the theory of flexure or of elasticity. For the — . 


sake of completeness, therefore, aiming as we do to put the reader in pos- 
session of methods of calculation as well as of graphic determination, we 
shall devote a few pages here to ‘a brief notice of these two above-men- 
tioned methods of calculation, and then pass on to the theory of elasticity 
itself. . This latter has been too generally considered by those unacquainted 
with the methods of the calculus as difficult and abstruse. It is true that 
the calculus must be called into requisition; but so simple are the processes 


for beams of single span—and it is with these only we have at present to oe 


do—that we indulge the hope that by going back to first principles we may 
enable even those at present. unacquainted with the calculus to follow our 


Pea et eae ee ee 
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demonstrations intelligently, and to comprehend perfectly and even apply 
readily the method for themselves. 

We cannot, indced, make the reader familiar with all the principles of 
the calculus, but all these principles are by no means needed. Its funda- 
mental idea, a few of its terms and applications, are all that he need be 
familiar with in order to perform the simple integrations we shall encoun- 
ter, as readily as the most skilled mathematician. This portion of the 
present Supplement may, perhaps, be considered by many as unnecessary and 
superfluous. We are, indeed, justified in assuming such knowledge. Put 
as we believe our plan practicable, we cannot resist the desire of making 
our development intelligible to al/, and thus rendering our treatment of the 
simple girder at least complete. 

The practical man as well as the mathematician may thus have at his 
disposal the powerful aid of the calculus, so far at least as his purposes 
require it, and be able to deduce for himself the formule which hitherto 
he has accepted ‘‘ upon faith.” It may also not be improbable that here 
and there one may be found who, pleased. with the simplicity of the prin- 
ciples and the fruitfulness of their application, may be led to further prose- 
cute the study for his own satisfaction. 

We shall first, then, notice briefly the two methods of calculation above 
referred to; then devote a few pages to the development of those prin- 
ciples and rules of the calculus of which we shall make use, and finally 
apply these principles to the discussion of the curve of deflection of loaded 
beams. 

2. Ritter’s Method,—This method is referred to in Art. 14. It 
rests simply upon the principle of the lever, or the law of statical moments ; 
requires no previous knowledge, and converts the most difficult cases of 
strain determination into the most elementary problems of mechanics. 
Ritter, in his “‘ Theorie eiserner Dach- und Briicken-Constructionen,” has 
applied this simple principle in such detail and fullness, and so clearly set 
forth its elegance and simplicity, that it very generally, and justly, goes by 
his name. 

“*Tts results are clear and sharp as the results of Geometry, and of direct 
practical application. There is hardly another branch of engineering 
mechanics which, for such a small amount of previous study, offers such 
satisfactory results, and which is so suited to engage the interest of the 
beginner.” 

We have given in the Appendix to Chap. I. (Arts. 6, 9, 10) detailed ex- 
amples of its application. Throughout this work similar illustrations of 
its use will be met with, so that it is only necessary here to state more fully 
than in the text its general principle. 

If any structure holds in equilibrium outer forces, it does so by virtue of 
the strains or inner forces which these outer forces produce. Now the 
outer forces being always given, we wish to find the interior forces or 
strains. If, then, the structure is framed, and we conceive it cut entirely 
through, the strains in the pieces thus cut must hold in equilibrium all the 
outer forces acting between the section and either end. Thus, in Fig. 6, 
Pl. 2, a section cutting D, 7 and H completely severs the truss. Then the 
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strains in these three pieces must hold in equilibrium the reaction at A and 
all the forces between A and the section. 

Now the principle of statical moments is simply that, when any number 
of forces in a plane are in equilibrium, the algebraic sum of their moments 
with respect to any point in that plane must be zero. 

The application of this principle is simply so to choose this point of 
moments as to get rid of all the unknown strains in the pieces cut, except one 
only ; and then. the other forces being known in. intensity, position, and 
direction of action, we can easily find this one; since, when multiplied by 
its known lever arm, it must be equal and opposite to the sum of, the 
moments of the known forces. 

In a properly constructed frame it will, in general, always be.possible to 
pass a section cutting only three pieces. Then, by taking as a centre of 
moments the intersection of any.two, we can easily find the strain in the 
third. 

Even if any number of pieces are thus cut, if all but one meet at a com> ~ 
mon point, the strain in this one can be determined. 

Thus, in Fig. IV., Pl. 1 of the Appendix, a section may be made cutting 
23,dh,heandcy. But all these pieces, except the last, meet in 2, and 
the strain in this last piece may, therefore, be easily determined. 

The above is all that is necessary to be said as to this method... The ex- 
amples already referred to will make all points of application. and detail 
plain as we proceed. We see no reason why the. reader who has mastered 
Chapter I. and diligently followed out the examples as given in the Appen- 
dix, should not now be able to both calculate and diagram. the strains in 
any framed structure all of whose outer forces are known. 

3. Method by Resolution of Forces,—We have also yet another 
method of calculation, based upon the principle that, if any number. of 
forces in a plane are in equilibrium, the sum of their vertical and hori-* 
zontal components are respectively zero. In structures all the forces acting 
upon which are vertical, and such are all. bridge and roof trusses, etc., of 
single span, we have only to regard the vertical components. 

In this connection we have to call attention to the following terms and 
considerations. The shear or shearing force at any point is the algebraic 
sum of all the outer forces acting between that point and one end. These 
outer forces are the weights and reactions at the ends, At any apex of a 
framed structure, where several pieces meet, the horizontal components of 
the strains in these pieces must balance, or. the structure would move; and 
for the same reason, the algebraic sum of the vertical components must be. 
equal and opposite to the shear, . The shear being known, if the strains in. 
all the pieces but one are also known, that one can be easily found, Thus 
the algebraic sum of all the vertical components of the strains in the other 
pieces being found, and added or subtracted from the shear, as the case 
may be, the resultant shear, multiplied by the secant of the angle made by, 
the piece in question with the vertical, gives at once its strain. 

This method is also fully explained in the Appendix, Art. 16 (4), and a 
practical rule is there given for properly adding the vertical components 
and determining whether the result is to be added to or subtracted from 


ule ation, Soe for the sake of canvenianne we may speak | of as Ritter’s 
Humber’s. Corresponding to Humber’s method we have also a graphic 
= ion, based upon the same yee precisely. This we have set forth 


shie'and fruitfulness, and to it is due Whbteves pretensions it can claim 
asystem. It will be seen hereafter that it alone can furnish a general 
thod applicable to ai structures, whether framed or not; whether all 
p outer forces are known or not. By the same general. methiod: we are 
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CHAPTER II. 
PRINCIPLES OF THE CALOULUS NEEDED IN OUR DISCUSSION. 


4, Differentiation and Integration.—We need but a very few 
simple ideas and conclusions in order to have at our disposal the whole 
theory of flexure for beams of single span. Those to whom these ideas are 
not familiar already may find them indeed new, but will-not find them 
difficult or even abstruse, and with attention to the following will, we 
venture to think, make a valuable acquisition. 


The sign y i is called the “sign of integration,” and integration means 


simply swmmation.. It arises merely from the lengthening of the original 
letter S, first used by Leibnitz for the purpose. The letter d is called the 
“sign of ‘differentiation;’ in combination with a letter, as d a, it reads 


“ differential of 2,” and signifies simply the increment which has been — 


given to the variable 2 So much for terms. 
Now suppose we have the equation 
YS BM. 4 pe el > 
in which ¢ and y, although varying in value, must always vary in such a 
way that the above equation holds always true. This being the case, let 
us give to y an increment—that is, supposing it to have some definite value 
for which, of course, 2 is also definite in value, increase this value by d y. 
Then # will be increased by its corresponding amount d 2, and as the 
above relation must always hold true, we have 
ytdy=5 (wtdw)”.-. 2. 3 © © 2 ee 
or  ytdy=5 @+2aeda+d 2’). 
Inserting in this the value of y from (1), we have 
dy=8 Qede+d@), . « ..s » « @) 
which is the value of the increment of y or d y, in terms of # and the in- 
crement of zordz. That is, the increments are not connected by the same 
law as the variables. The variable y is always 5 times the square of the 
variable 2, but the increment of y is greater than 5 times the square of the 
increment of z by an amount indicated by 5x 2a@dza. From (8) we 


have 

oy BAS eter) ota Ye? we oan 
which gives the value of the ratio of the two increments. Now, if we 
assume a certain value for a, we find easily from (1) the corresponding 
value of y. If we increase this value of 2 by a certain assumed increment, 
d 2, we find easily from (8) the corresponding increment of yordy. Theu 


(4) would give us the ratio of these two increments. 
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Now we see at once from (4) that the smaller we consider d # to be, the 
nearer this ratio approaches the limiting value 5x2a. We may suppose 
dxas small as we please, and then this ratio will differ as little as we 
please from 5x22, This value, 5x22, forms, then, the limit towards which 


‘the value of the ratio :? approaches as d ~ diminishes, but which limit evi- 


dently it can never actually reach or etactly equal. Because, in order that 
this should be the case, d z must be zero. But if d z is zero, that is, if z is 
not increased, y also is not increased; d y is, therefore, zero, and there is no 
ratio at all. : ; 

Now, just here comes in what we may regard as the central principle of 
the calculus. 

Tf two varying quantities are always equal and always approaching certain 
limits, then those limits must themselves be equal. 

The principle is too obvious to need demonstration. ‘‘Two quantities 
always equal present but one value, and it seems useless to demonstrate 
that one variable value cannot tend at the same time towards two constant 
quantities different from one another. Let us suppose, indeed, that two 
variables always equal have different limits, A and B; A being, for ex- 
ample, the greatest, and surpassing B by a determinate quantity A. 

The first variable having A for a limit will end by remaining constantly 
comprised between two values, one greater, the other less than A, and hay- 
ing as little difference from A as you please; let us suppose this difference, 


1 
for instance, less than go Likewise the second variable will end by re- 


1 
maining at a distance from B less than 34 Now it is evident that, then, 


the two values could no longer be equal, which they ought to be according 
to the data of the question, These data are then incompatible with the 
existence of any difference whatever between the limits of the variables, 
Then these limits are equal.” * 


Now let us apply this principle to equation (4). In this equation aa is 
a variable always equal to5 (2a%+d 2). But 5 (22+d 2), as we diminish 


d x, approaches constantly the limit 5 x 2 2; and as a: is always equal to 


5 (2 a+d 2), i¢ also constantly approaches the same limit. These limits, 


_ then, are equal, and the limit of dy =5x2-2. 


az 


Now, if we conceive, and such a conception is certainly possible, d a to 
be the difference between 2 and its consecutive or very next value, such that 
between these two values there is no intermediate value of dx; thend y 
will be the difference between two consecutive values of y; and regarding, 


* then, @# and dy in this tight, $Y win be the limit of the ratio of the in- 


* The Philosophy of Mathematics. Bledsoe. 
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crements, since the increments are then limiting increments, and can be no 
smaller without disappearing. 


We have thus 


dy 
Ta X?% 


which is an eract relation between the increments upon this supposition. 
From this we have dy = 5x2adz. 
If now we sum up all the increments d y, then by virtue of the supposi- 


tion we have made, fi dy must equal y. We thus suppose y to flow, as it 


were, unbrokenly along by the consecutive increments d y, just as the side 
of a triangle moving always parallel to itself, and limited always by the 


sides, describes the area of that triangle, while the change d y of its length. 


is the difference between two immediately contiguous positions. Upon 
this supposition, we repeat, 


which limit is, as we see from (4), equal evactly to 5 x 2a. We do not 
reject or throw away d 2 from the right of that equation “ because of its 
small size with reference to 22,” nor, thus rejecting it upon one side of the 
equation, do we retain it upon the other “in order to retain a trace of 
the letter z”!; but simply pass to the limit, and then, according to our 
fundamental principle above, equate those limits themselves. But if 
dy =y, then the integral of 5 x 2¢da, or J 5 x 2ada=y=5a2* 
By “differentiating,” as we say, equation (1) we get (5), and by “‘inte- 
grating” (5) we obtain (1). 
Hence we see the appropriateness of the term ‘‘ fluent” given by Newton 
to the quantity dy or 2adza. So also we see the appropriateness of the 


d 
term ‘ ultimate ratio” * for on itself. 


*Liebnitz undoubtedly discovered the calculus independently of Newton, 
but he considered dz asa quanity so ‘‘ infinitely” small that in comparison 
with a finite quantity it could be disregarded ‘‘ as a grain of sand in compari- 
son with the sea.’’ We see, indeed, from eq. (4) that if d x upon one side be 
‘zero, we get the same value for 7 before, But if d @ is zero on one side, 
it should be zero on the other side also, No matter how small we suppose d 2 
to be, we have no right to get rid of it by disregarding it. That Liebnitz rec- 
ognized this cannot be doubted, and he was therefore inclined to consider his 
method as approximate only. But to his surprise he found his results eract, 
differing from the true by not even so much asa ‘‘ grain of sand.” There was 
to him ever in his method this mystery, nor could he conceive what these 
quantities could be which, though disregarded, gave true results. Bishop 
Berkeley challenged the logic of the method, and adduced it as an evidence of 
‘** how error may bring forth truth, though it cannot bring forth science.” 
Strange to say, even the disciples of Newton were unable to answer Berkeley 
without taking refuge in the undoubted truth of their results, And yet New- 
ton in his Principia lays it down as the corner-stone of his method, that 
'* quantities which during any finite time constantly approach each other, and 


dy 
re is the limit of the ratio of the increments, ~ 


_ ade 
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The whole of the calculus is but the deduction of rules for finding from 
given equations as (1) their “ differential equations” as (5), or inversely 
of finding from the differential equation by ‘‘integration,” or summation, 
the equation between the variables themselves. 

Such of these rules as we need for our purpose we can now deduce. 

5. Differentiation and integration of powers of a single 


variable.—We have already seen that the f dy=y and fe 2eda=a, 


hence d (2) = 22d. 
If we should take y = z*, we should have, in like manner, as before, 
y+ady=(@+de=2°+38ed2+38aed2*+a2*, 


or dy=8a°da2+38aedz2* + dz’, 
or | Gua sat +8ada+ dat, 
and passing to the limits, as before, 
dY _ a2 or dy=8 2? da. Hence the differential of 2* or d (x*)=8 2? da, 


and reversely, the integral of 3 7? dz or fs 2? d2=2*. In similar man- 
ner, we might find 
a(@)=5 atdaand [5 xt de=2". 


Comparing these expressions, we may easily deduce general rules which 
will enable us at once wpon sight to “ differentiate,” that is, find the rela- 
tion connecting the increments; and “integrate” or sum up the successive 
consecutive values of the variable; for any expression containing the 
power of a single variable. 

These rules are as follows: 

To differentiate: 

“ Diminish the exponent of the power of the variable by unity, and then 
multiply by the primitive exponent and by the increment of the variable.” 

Thus, d@ (*) =2a¢da, d(@*)=382'° da, d(x2")=T7a'da,d (a) = Sat da, 
d (a) =n a" da, etc. 

To integrate: 

“* Multiply the variable with its primitive exponent increased by unity, by 

the constant factor, if there is any, and divide the result by the new exponent.” 


before the end of that time approach nearer than any given difference, are egual.” 
There can be little doubt that Newton saw clearly that although the quantities 
might never be able to actually reach their limits, yet that those limits them- 
selves were equal, and hence the increment could be left out in the equation, 
but not because by any means it was of insignificant size. His terms ‘‘ ultimate 
ratio” and ‘‘ fluent” are alone sufficient to indicate that he understood the 
true logic of the method he discovered; while Liebnitz seems to have stood 
gazing with wonder at the workings of the machine he had found, but whose 
mechanism he did not understand. [See Philosophy of Mathematics, Bledsoe. 
Lippincott & Co., 1868.]} 
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Thus [22 da= "20 Baden = [eases 


3 
feans eo [rmrde="2 om, ee. 
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It is of this latter rule that we shall make especial use in what follows, 
6. Other Principles—Integration between limits, ete,— 
We may observe from (1) and (4) that a constant factor may be put out- 


side the sign of integration. Thus ['ox2ede=5 [rede=se 


It is also evident without demonstration that the integral of the sum of 
any number of differential expressions is equal to the sum of the several 
integrals. 


Thus [[edetedety ays eae] 


1s the same as feaes feast y dy, ete. 
If in (1) we had 
y= 5 #+a, 
where a is a constant, we should have 
ytdy=5 (c#+d2)+a=5 (@+2ed e+d #) +4, 


or dy=5 @adetde, or ¥=5 2e+da); 
whence 
d 
<2 = 5x22, ord y=5x2adza, or 
just the same as before. 


The integral of this will then be y = 5 2* as before, whereas it should be 
y=52+a. ; 

If two differential equations, then, are equal, it does' not necessarily follow 
that the quantities from which they were derived are equal. 

We should, then, never forget when we integrate to annex a constant. The 
value of this constant will in any given case be determined by the limits 
between which the integration is to be performed. 

We indicate these limits by placing them above and below the integral 


sign. Thus the integral of 2° dz between the limits of a= + handa=—Ais — 


+h 
fe da, Tf we integrate #* dz, we have, then, eda= = +,0, 
—h 


where C is a constant whose value must be determined by the conditions — 


of the special case considered... If we introduce the value of « = h for one 

3 . 
limit, we have +0. For «=2h for another limit, we have ore oC, 
We have, then, two’ equations, viz. : 


ht \ 
when z= A, ede=—+90, 
a2=h 3 
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and when z= 2h 


and by subtracting one from the other, we have for the integral between 


2h 
the limits ¢ = 2/4 and z= » fe d a= 7h, and CO thus disappears. 
h 


We have, then, only to substitute in succession the values of the variable 
which indicate the limits, and subtract the results, 
If also there is but one limit, we could determine C if there were also a 


condition, such, for instance, as that / az? dx should equal 4 when z= 2h, 


The ratio S# is called the “jirst differential Coefficient; ” if it were to 


be differentiated again, the next ratio, - that of the differential of the 
diftcrential of y to differential of 2’, ont. 7 oe is the ‘‘ second differential co- 


efficient,” and so on. 
Thus, y=2°; dy=d (2°) =52'da, or SY = 52‘; differentiating again, 


—— = 202° d2, or ms = 20 2°, and so on to third differential coefficient, etc. 


7. Example.—As an example of the application of our principles, let 
it be required to determine the area of a triangle. Let the base be d and 
the height h, Take the base as an axis, and at a distance of z above the 
base draw a line parallel to 6, and at a very small distance d # above this 
line draw another, thus cutting out a very small strip. (Let the reader draw 
the Fig.) Now for the base y of this strip we have the proportion h —#:y 
badez But 

h 
the area of this rectangular slip is not equal to the area of that portion of 
it comprised within the triangle. It projects over at each end, and is, 
therefore, somewhat greater. Thus for the small trapezoid actually within 
the triangle we have for the upper side y', h—(#+d a): y'::h:b, ory’ = 


: ce , and the area of the projecting portion 


32:06, or y=o—“8, hence the area of the strip is dda — 


v7 (+d 2). Hence y—-y' = 


of the rectangle, that is, its excess over the trapezoid, is then (y—y’) dz, or 
bdx# bad«x bdw# da ba bdz« 

iy iy Therefore, b dz — i ——as =a 6; Or 5 acon Gale a id where 
d a is the area of the small trapezoid itself. Now these latter two quanti- 


ties are always equal for any value of dz. But - ee x decreases, one side 


of the equation approaches the limit a2, and 42 =, therefore, approaches 


this same limit. The rectangle itself is, then, ba limit of the ratio of the 
area of the small trapezoid to its height, and we can then equate the limits 
themselves, remembering that in this case d a is the area passed over by the 
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side y in passing from one position to the consecutive or very next. ‘We 


have, then, da =bda—° *- ® and if we integrate this expression, that is, 


sum up all the da’s, we have the area of the triangle. Therefore, 

a= foae— “= aba+ oo +9 
where C is the constant of integration, which we must never forget to annex. 
Now, in the present case we wish to sum up all the areas d a, or “integrate,” 
between the limits z=o0 and e=h. But for z= 0, A must be zero, and 
hence we have C = 0 for the condition that 2 starts from the base, If in 
addition to this condition we make # = , we have the sum of all the areas 
between 2 = 0 and a= Ah. 


A= n= 2” as should be. 
The above reasoning is somewhat prolix. 

If we thoroughly appreciate that d @ is the difference between two con- 
secutive values of 2, we see at once that we obtain the limiting value of the 
rectangle directly by multiplying its base byd@. The sum of all these 
must be the area. This conception of d # enables us to curtail much of our 
reasoning. 

Let us take the same problem again, but this time take the axis through 
the centre of gravity of the triangle; thatis, at 44 above the base, Then 
for the base y at any distance 2 above this axis, we have 

sh—a :y:h:b, ory= 25-22, 
Multiply this by d # upon the above conception of d a, and we have at 
once not for the rectangle upon y, but for its limiting value, that is, for the 
area of that portion of the rectangle included within the triangle, 
bade 
ex 


da=yde=-bda— 
Integrating this, then, we have 


2 badaz 2 b a 
a= [ride T= Fda —-F5 +0, 


where © is a constant to be determined by the limits as before. For one 


limit, =-; h, and hence we have 


eee 
Al = 7g bate: 
For the other limit, « = +34, and hence we have 
rut 
A = 750 a+0. 
If we subtract the first from the second, O disappears, and we have A= 
e_ gt 9 pt: 
A'—A seh hg h = <6 h, as before. 


We might also have integrated first between the limits ¢ = 0 and # = oh 
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For « =0, C = 0, and the area above the axis is then “ bh. For «=Oand 


2= 5 h, we have for the area below the axis — = bh. This area hasa dif- 


ferent sign because below. If we give it the same sign as the other, and 
then add it, we have the total area. If it also had been above, the total 
area would have been the difference. Generally, then, we subtract accord- 
ing to our rule. 

8. Significance of the first differential coefficient,—Any 
equation between two variables of the first degree is the equation of a 
straight line. If of the second degree, it represents one of the conic sec- 
tions, an ellipse, circle, parabola, or hyperbola. Of a higher degree, a 
ourve generally. If, then, we take the axis of # horizontal and y vertical, 
and if d yand d @ are the consecutive increments of y and a, that is, the dif- 
ference between any value and the very neat, the ratio a is evidently the 
tangent of the angle which a tangent to the curve at any point makes with the 
horizontal. 


If, then, we make Su = 0, and find the value of the variable z corre- 


sponding to this condition, we find evidently the value of # for which the 
tangent to the curve is horizontal. If now the curve is concave towards the 
axis, this value of z, substituted in the original equation, will give the maai- 
mum or greatest value of the ordinate y; because for the point just one 
side of this the tangent slopes one way, and for the point just the other 
side it slopes the other. The point where the tangent is horizontal must 
then be the highest. 

Ifthe curve is, on the other hand, convez to the axis, the value of 2, which 


makes 2 = 0, substituted in the original equation, will give y a minimum 


value for similar reasons. By setting the first differential coefficient, then, 
equal to zero, we may find that value of 2 which corresponds to the maxi- 
mum or minimum value of the ordinate, as the case may be. In the case 
of the defiection of simple beams upon two supports, the curve is always 
concave to the axis, and hence we obtain by this process always the mawi- 
mum deflection. 

The above comprises all the principles of which we shall make use in the 
discussion of the theory of flexure. With-a little study, we believe that 
any one familiar with analytical operations, even although he may never 
have studied the differential or integral calculus, can follow us intelligently 
in what follows. Whatever points may still be a little obscure will clear 
up as he sees more plainly than now their application. 
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CHAPTER III. 
THEORY OF FLEXURE. 


9. Coefficient of Elasticity.—Let us now take up the theory of 
flexure, and see if it is not possible so to present the subject that, in the 
light of the preceding principles, we may be able to solve all such prob- 
lems as present themselves. } 

If a weight P acts upon a piece of area of cross-section A, and elongates 


_ or compresses it by a small amount J, we know from experiment that, 


within certain limits, twice, three times, or four times that weight will 
produce a displacement of 2/, 3/7, 41, etc. These limits are the limits of 
elasticity. Within them practically, then, the displacement is directly as 
the force. If we assumé this law as strictly true for all values of the dis- 
placement, and if we denote the original length by L, then, since the 


. APP ‘ : F : 
force per unit of area is x and since this unit force causes a displacement 
1, in order to cause a displacement L equal to the original length, this 


P L Pi ; 
unit force must be = times as great, or equal to = =>. This force we call 


l AT 
the modulus or coefficient of elasticity. It is always denoted by HE. Hence 
PL , 
ahely © Me ae 


The coefficient of elasticity, then, is the unit force which would elongate a 
perfectly elastic body BY ITs OWN LENGTH. It is a theoretical force then; 
but as the law of perfect elasticity upon which its value is based is true 
practically within certain limits, by experiments made within those limits, 
knowing P, A, and L, and measuring /, we can find what the force would 
have to be if the law were always true. Such experiments have been made, 
and the values of BE for different materials are to be found in any text- 
book upon the strength of materials, 
From (6) we have for the unit force of displacement 
P El / 
Y Vedra | 
These expressions will be found useful as enabling us to replace often 
expressions containing an unknown displacement by a definite or experi- 
mentally known value. 
10. Moment of Inertia.—This is also a convenient abbreviation, 


and enables us to replace unknown expressions by a, in any given case, — 


perfectly determinate value. 
The moment of inertia, with respect to any awis, is the algebraic sum of the 


-_ 
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i i: oe anes ee, 
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products obtained by multiplying the mass of every element of a given oross- 
section by the square of its distance from that axis, 

If a parallelogram stand on end, and then its support be suddenly pulled 
away from under it, it will fall over backwards. But to knock it over thus 
requires force. The force which in this case overturns it is that due to 
inertia. At every point of the surface there is, then, a force acting, depend- 
ing upon the mass of this point. But not alone upon the mass. A force 
at the top acts evidently with more effect to turn the body over than one at 
the bottom, which merely tends to make it slide. 'The moment of each ele- 
ment of the area is, then, a measure of the force which at each point causes 
rotation, and the swm of these moments is, then, the measure of the over- 
turning action of the whole force of inertia upon the surface. The moment 
of this latter force, or the sum of the moments of the moments, is, then, the 
moment of inertia of the cross-section. Each element of the surface must 
then be multiplied by the square of its lever arm, and the sum of all the 
results thus obtained taken. In other words, the moment of each element 
is itself considered as a force, and then its moment again taken. The sum 
is denoted by I. For any given dimensions and axis it is a perfectly defi- 
nite quantity, and may thus often replace expressions containing unknown 
quantities. 

The principles of the calculus just developed wiil enable us to deter- 
mine it in some cases, at least, very readily. Its value for various forms of 
cross-section, in terms of the given dimensions, is given in every text-book 
upon the strength of materials. 

Let us suppose a rectangular cross-section of breadth } and-height 4, and 
take the bottom as axis. The area of any elementary strip is, then, bd 2. 
Tf its distance from the bottom is @, we have for its moment 6 a d x, and for 
its moment of inertia, then, b a7 da. Integrating this expression, we have 


b a8 
frtae= 3 te. 


This integral is to be taken between the limits ¢=Oande=h, Fore=0, 
3 
b 2*d2=0, and henceC =0, For a= A, then, we have ee If the axis 


3 
had been taken through the centre of gravity, we should have the above 
3 
integral between the limits + e and—*. For + Swe have “- +O. - For 
h OF b A 


eee ne tO, i t ; ae 
3 4 +. Subtracting one from the other (Art. 6), we have 13 


for the moment of inertia. For a triangle of height 4 and base 6, we have 
for axis through centre of gravity, from Art. 7, for the area of the very 


small strip at distance 2, : bdz ae zd. Multiplying this by 2’, we have 


h 
for its moment of inertia ; barda— ot da. The integral of this is 
2 b at 


2 : 4 
For ¢ = gh this becomes 348 b +0, 


112 3 SUPPLEMENT TO CHAP. VII. (omar. mm. 


1 A pind . 
For «= gz» We have d7g PM +O. 


Subtracting one from the other (Art. 6), we have a dA’, ore : 


the moment of inertia. The moment of inertia of the Be. I=— 


he 
bh h a 
“= x4 hx > or the moment of inertia of the half 
parallelogram is equal to its area, into the distance of its centre of gravity 
multiplied by 3ds. of its height. We see at once that when we consider, 
then, the statical moments as themselves forces, the centre of action of these 
moment forces does not coincide with the centre of gravity of the area. This 
principle we have already noticed in Chap. VL, Art. 60. 
ee 2 2 
We can also put = ~=(!— h), This value + his called the 
~ ie ~\av 3 273 
radius of gyration, It is evidently the distance from the axis to that point 
at which, if the mass were concentrated or sum of all the forces were con- 
sidered as acting, their moment of inertia would be that of the. cross-sec- 


55 }* for 


may be written”, = 


tion itself, The value of cis, in general then, the square of the radius of 


gyration. We have already shown in Chap. VI. how to find it graphically 
for various cross-sections, 

We are now ready to take up the case of a deflected beam, and to find 
the differential equation of its curve of deflection. 

11, Change of Shape of the Axis.—In the Fig. given in the 
Supplement to Chap. XIV., we have represented a beam deflected from its 
original straight line by outer forces. Let the two sections A C, B D be 
consecutive sections, parallel before flexure, and remaining plane after. Let 
the length of the axis ma be s, then na=d 8, and let d ¢ be the very 
small angle between the sections after flexure. 

If the deflection is small, s will be approximately equal to 2, and d 8 to 
dz. The elongation of any fibre at a distance » from the centre is, then, 
od¢. The unit force corresponding to this elongation is from (7) T= 


st ». If dais the cross-section of any fibre as d c, then the whole force 


f extension is 

< Eovdadd 

ao-" 

‘ 2 
The moment of this force is, then, me Ses? The integral of this be- 
tween the limits + ; and — a will give the entire moment of rupture. But 
this is equal and opposite to the moment M of all the outer forces; hence 
+F | 
Bd¢ 2 
de vo? da. 
h 


OHAP. 11. ] SUPPLEMENT TO OHAP. VIL. 113 


But, as we have just seen, this integral is the moment of inertia I of the 
cross-section with reference to the axis through the centre. Hence, 


M= =. Since ¢ is a very small angle, it may be taken equal to its 
dy. ap @y a ay 

tangent, or equal to 7; hence = pleyor. and Moats 
But od pd: :: dz: 7, where r is the radius of curvature; 
hence SER eS or a ge 

0 r dz fr 
Therefore, Mm=nr>=nr¢¥. 7! Re 
and Be cab . . e e e 2 3 e (9) 

r 


Equation (8) is our fundamental equation. 
In any given case we have only to write down the expression M for the 
P y 


moment of the outer forces at any point, and equate it with EH I —— qa 


Integrating once we shall then have for I constant, of course, HI =f and, 


integrating again, EI yin terms of 2, or the equation of the deflection 


curve itself. Making B A = 0, we can then find the point of maximum 
defiection, and inserting in the value for EI y the value of x thus found, 
can find the maximum deflection itself. The discussion of any case reduces 
thus to a simple routine, and every case is in many respects but a repetition 
of the same processes. 

12. Beam fixed at one end and loaded at the other— 
Constant cross-section,.—We shall always consider a moment positive 
when it causes compression in the lower fibre; negative when it causes ten- 
sion in that fibre. Distances to the right of the origin are always positive, 
to the left negative. Hence on the /¢/¢ of any section an upward force is - 
negative, a downward force positive; while on the right of the section the 
upward force is positive and the downward one negative. The reader 
- should always draw the Fig. for each case discussed, and in the beginning, 
at least, review these conventions each time. 

Now let a beam of length 7 have the weight P at the free end, and let it 
be fixed horizontally or “ walled in” at the right end. Then the moment 
at any point distant 2 from the left or free end is M = + P 2, 

(a) Change of shape. 

From (8) we have now 
Py _ 


EI —— 
dav 


=+Pz2. 


given conditions. Now by the condition in this case, when 2 = 1, 


must be zero, because the end is fixed, and the tangent there must | he : 


be horizontal (Art. 8). Hence O = — 27 ana hae ae - 


cys ae aa 


dz s 2 <a 


‘the condition that for # = 1, y must be zero, since at + the: fixed end theres ( 


be no deflection. Therefore, CO = 7 and , “ ‘5 


. aaa be Z(2%-sPete) =F else G—a 


The deflection will evidently be greatest at the free end, and here, therefore, . 
for z = 0, we have 
PP, 


y=Az= 
If the cross-section is rectangular, I= “ b 2? (Art. 10), and the maxim 


: _ 4PP, 
deflection A = Fa a3 a 8- 


(6) Breaking weight. 


in any fibre distant » from the centre. Foro ae T isthe dnale strain in 


the outer fibre, and M = _2Tr Forv= sce. we have the apie . 


h 2° 
strain in the outer fibre-upon the other side, or M = s : a ‘Theoretically 
the two should be equal. Practically they are not. In fact, if we put f 
ae or for a rectangular cross-section Pa: 


Tb h?. This is greatest for # = 1, hence the breaking weight P = pas 


61 
From this we have T = sae Now experimenting with beams of various , 


M its value, we have Pz = 
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materials, known dimensions and given weights, we may find experimen- 
tally T. It would seem that this value thus found should equal either the 
tenacity or crushing strength of the material, but the results of experiment 
show that it never equals either, but is always intermediate between T and 
_ ©, Calling this intermediate value R, we have 


P = ae . . . ° ° . . . (10) 


The formula is based upon the condition of perfect elasticity, while R is 
determined by experiments made at the breaking point when the condition 
of perfect elasticity is no longer fulfilled. In the following table the tabu- 
lated values of R are correct for solid rectangular beams, and sufficiently 
exact for those which do not depart largely from that form. If instead of 

we use the values of T or O, whichever is the smaller, we shall always 
be on the safe side, since R is invariably intermediate between these. 

In general we shall refer to the equation 

2TI 


un heee eats lees LM AL BIO 


when we have occasion to find the breaking strength. But it must be 
always remembered that in any practical example we should replace T by 
R for rectangular beams, or by T or C, whichever is the smaller, for others, 
We give also the values of the coefficient of elasticity HE. (Wood’s Resist. 
of Materials.) 


T ro) R B 
NE Se ies 6s os dcneec'ns 16,000 96,000 36,000 —_ 17,000,000 
Wrought-iron........se.e005 oe: 58,200 80,000 33000 25,000,000 
English Oak......... BSc 17,000 9,500 10,000 1,451,200 
a ceils co och tots co 0' 17,000 9,000 10,000 _—1,645,000 


SS Sins Sioa asses 7,800 5,400 9,000 ~~ 1,700,000 
All in pounds per square inch. 
2. Beam of uniform strength. 
Suppose the cross-section or I is no¢ constant, but varies so that at every 
point the strain T is constant. From (11) we have 
M=P2¢= Bs for the outer fibre, whence 


x ised For a rectangular cross-section T = ae 
21 bh 
breadth and height at the jized end are bd; and h;. Then at this end T= 
6P/ 


b, hy,” 


T= Now suppose the 


But this must be equal to T at any other point; hence 


6Pe 6P/ we bh? _@ 
7 en ee 
If we suppose the height constant, we have for the varying breadth at any 


point 6=6, ; That is, the breadth must vary as the ordinates to a straight 
line, and the plan of the beam is a triangle with the weight P at the apex. 
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If the breadth is constant, 4 = A: a or the elavation of the beam is a. en 


parabola with the weight at apex. If the cross-section is always similar, 


~ 


that is, itt = = 4 we have b = + , and substituting in the equation above 
1 


h=h a ; , which is a paraboloid of revolution, 


(a) Change of shape 
From (8) we have 
dy Pe _ Pe 


d@ BI Bx7xdh® / 
where 6 and A are variable. If we suppose the height A constant and . 
always equal to fx, then, as we have seen, } =}; 7 hence for rectangular 


cross-section 


a’ ary _ 12P/ 
da Bh?h 
Integrating, since for z= 1, st = 0, we have , 


dy _12Ple 12Pq 

de Bh*b, EBhitd; 

Integrating again, since for « = 1, y = 0, we have 
6 Pla? 12Pli*2 6PPF 
Bib, Bhd, | Bib 


For the maximum deflection z = 0, and 


0 BEF 
Vom E h;? bh 
The above value of y can be written 
6 Pl 6 Pl 1 8PP a\? le 
v= a5 (?- alata) = sum (* 2) = gm (1- 4); ir 
6PE | 8 : 7 
but Bia *® > the deflection of a beam of constant cross-section }, Ay, 


as already found. Calling this deflection 4., we have 


3 a\? 


8 
for the deflection at any point, or A= > Ao for the maximum deffec- 


tion. 
In a similar manner, for constant breadth, we have 


ae c 1] 3 ee aX 4 i 
“aa beeper +9, (2) beets 1 
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For similar cross-sections, we have 


Le yo oe 383 //@\ ie ee ee. 
Be] -a7t sy (7) » oes Bh 


If we call the volume of the beam of constant cross-section V, then in 


1 2 
the first case the volume V, = ry V;; in the second,V; = = 


3 V;; in the third, 


Vi=—V; or 
V:V.: V3: V; = 80: 20:18:15. 


The maximum deflections, as we see above, are as 


2 Ao, > As > As or as 20, 18, and 15. 


That is, the deflections at the ends for a beam of uniform strength in the 
three cases are as the volumes. 

13. Beam as before fixed at one end—Uniform load— 
Constant cross-section,—If p is the load per unit of length, we have 
for the moment at any point distant 2 from the free end, 


ie ce px px ay 
M = p 2x 7 = 79 and hence SHI da’ 
1? 
This moment is greatest for a= 7, and hence Max. M = a 
For the breaking weight, then, from (11) P 
pv 271 ATI 
Ra RS Br 


or twice as great as for an equal weight at the end. 
For the change of shape, we integrate twice, precisely as before, the ex- 


dP y _ px 
d2 2Br 


Y= sey (8-40 os a), 
The maximum deflection, then, is 


pression and obtain thus 


A= Ser 


or only ths as great as for an equal load at the end. 
2. Constant strength. 


2 2 
We have, as before, from (11) M = — = =5s , whence T = Atay or 
2 
for rectangular cross-section, I = = band T = “2 — If 6, A, are the 


breadth and heighth of the fixed end section, then, since T must be always 
constant, 

Spa B8pl? dh? _ a 

bm, bh dae) OE 


2 
For height constant, 6 =}, ( i) 


“rs 2 
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For breadth constant, h = h, :. 
. > e 8 a \2 
For similar cross-sections, h = h, V ( a ) 


The first isin plan a parabola; the second, in elevation a triangle; the 
third, a paraboloid of revolution. 

For the change of shape, we have, by proceeding in the same manner asin 
Art. 12, A=2 Ac, A= 4Ao, and A =8 A» in the three cases, where Ao is the 
deflection of a similar beam of constant cross-section }, hi. 

14, Beam supported at both the ends—Constant cross- 
‘section—Concentrated load,.—Let the weight P be distant from the 
left end by a distance 7, and from the right end by J2. Let the distance of 
any point from the left end be z For the upward reaction at the left end, 


Vixl=Pi, or Vi=P4 

The moment, then, at any point between the left end and F, for less 
than J,,isM = — Ca *. For any point to the right of P, or # greater 
Pl, & 


Y 


than 1,, M’ = — +P (< _ h). Instead of this, however, we may 


take the reaction at the other end, V; = P 44 and then for # greater than /,, 


Pi, id —2) 
mere ii 
The moment is evidently greatest at the point of application of the load, 


m= —v, (1—«) = — 


or forz=2, Hence the maximum moment is — pak 
(a) Breaking weight. 
ip 
From (11) M= -— =— =o te or, for the breaking weight, P = 
2T11 : et 4 TOA TL 
Ll, For rectangular cross-section, I = 8 bA4' and P= eh 
For a load in thé’middle, 7, = l,- = > ? and Max. ™ =— i Pl, and P= 


.8TI 
7? oF 4 times as great as fora beam of same length fixed at one end 


and free at the other. 


(6) Change of shape. 
We have, then, from (8), for # less than h,, 


dy Pl,2 dy _ Pi(-2) 
ao ~ Bi and fa ea for # greater than J. 
Integrating, we have 
dy P 7, a? Pi, 
GE ee ms = — om 
da eit 5 aa 571 [!* rik 


For 2 = h, these two values of Bai equal, and hence, since 7, = 7— 1,, we 
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4 Ph? 
2Er 
fe Bhat dy Pl, P 1,2 
a Se ES | pais 
Qe de? 7, = ET etazing 
containing both the same constant C. 
Integrating these, we have 
Pi, 2° Pi, pla? 2 Ph? 
= —-_—__ Cc Cc EYE ey |e ee 
. Denes 8S a7; aaa 2HI 
‘In the first of these, for = 0, y = 0; hence C, = 0. 


_ Pl? 
Forz=h, y= y'; and hence C2 = — -—__, 


have C' = We have then the two equations 


7.0 @+Cx 


For z = 7, y' = 0; and hence, finally, C = 


We have, therefore, by substitution of these constants, 


_ Phe peter re Pp RE 2 ; 
: 
For z = 1,, we have the deflection at the load y = Pl P 7 


Inserting the value of Cin the value for - above, and placing the 


value of = equal to 0, we have for the value of z, which makes y a maxi-, 


mum, t= vf. aC J—1,) i, an expression holding good only for x less than 


t 


1. Inserting this in the value for y, we have for the maximum deflection 


itself 
1 Pil, 
\ a 
= 57 BIT (2 —1,) Jah ern. 1,). 


If the load is in the middle, we have for the curve of deflection 
Pe 


es 2 2 

YB Bi? GP - —42*), 
and for the deflection itself a eer 
48Er 


The greatest deflection is not, then, at the weight, except when the load is 
in the middle. When this is the case, the deflection is only jsth of the 
deflection for the same. tara of beam fixed at one end and loaded at the 
other or free end. 

15. Beam as before supported at the ends—Uniform 
- Woad,—For a load p per unit of length, the entire load is p 7. The reac- 


tions at each end are a and the moment at any point is 
t a* x 
Ma 2g 27 PGK 
5 e+ 5 (l-2). 
M is evidently greatest at the centre, and hence 
2 
Max. M = —* 
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For the breaking weight, then, from (8) 

plu _2Tr )_16T! 

oo een AP 

or 4 times as much as for a beam of same length loaded uniformly and 
fixed at one end. , 


For the change of shape, we have 
Gy __ px (l—2) 


cay - Fi 
The constants of integration are determined by the conditions that, for 
ep =0; =0,y=0; andz=/,y=0. Integrating, then, twice 


under these conditions, we have 


Sa 2 
y= wai? 21 a? +2*) a. 


This is greatest at the centre, or for # = Me hence the maximum deflection 1s 


= ae on ot or only ;}ths of .a beam of the same length fixed at one 
end and uniformly loaded. 

16. Beam stipported at one end and fixed at the other 
—Constant cross-section— Concentrated loud,—Let the left 
end be fixed horizontally so that the tangent to the deflected curve at that 


point is always horizontal, and therefore pa = 0. 


Let the distance of the weight P from left be a, and the distance of y 
_ point a. 
Then, for 2 less than a, we have 
M = — V (/—2) + P (a—2); 
for 2 greater than a, 


‘ 


M’ — —V (l—a), 
where V is the reaction at the free end, and is so far unknown. 


ay pdt ; 
If we put M = aa and M’ = —~, and integrate as usual, and remem- 


i da 
ber that for a = 0, seh and for# = a, ot ot we have 
a = 21 i [¥ @!-2)-P @a— -a)] 
sie -sHt [v2e l_2)—P a]. 


Integrating again and determining the constants by the conditions that, 
fora=0, y=0, andfor z=a, y=y/’, we have 


—2) | 


te a (3 l—a#)—P (3 g—a) «']. 


—— a 
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Now, for z= 1, y’ =0;hence v =P EET 0), If the load is in the 


; 5 
iddle, V = — P. 
middle, ié 


V, or the reaction at the free end, is now known, and substituting it in 
the value of y’' above, we have the equation of the deflection curve between 
the weight and the free end. 


__ P fa 8l—a) 8l—2) a _ rh - 
Y=— HI 273 = a) a*]. 
Substituting it also in the value of x above, and placing then 3 equal 


to zero, we find for the value of 2, which makes the deflection a maximum, 


* a l—a 
when 2 is greater than a, o=1-1/ 4. 


Substituting this value of @ in the value of y’ above, we have for the 
maximum deflection itself 


= j= 
z 7 ope 


PPE 
Hi" ri 


, a8 much as for a beam of same length fixed at end and with 


When the weight is at the middle, this becomes A = ,or 


Tit V5 
load at other end, and only Ps as much as for same beam simply sup- 


V5 
ported at ends. 

Breaking weight. 

Having now V, we know M and M’. Rupture will occur where the 
moment is greatest, that is, either at the fixed end or at the weight. Now 
the moment at P is — V (/—a) = —V1l+Va. The moment at the fixed 
end is—VJliP a. Now, as V is always less than P, we see at once that 
for any value of a less than 7, the moment at the weight is greatest. 

We have for the moment at the weight from (8) 


ie _ 3 (8a) 2T1 
M=-— V (l—a) = — —3 78 (l—a) = oar and hence 
, : = 4TI7 
for the breaking weight P= ia* @ l—a) (aay 
: 64 
If the weight is in the middle, P =— 77, 


or #ths as much as for the same beam supported at the ends. 
17. Beam as before fixed at one end and supported at 
the ee load.—In this case the moment at any point is 
y 


=-V(l- 2)+5 p (l—-2)? = BI 2. Integrating twice and determin- 


ing the constants by the conditions that, for ¢= oo! =0 and y=0, we 


easily obtain 
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Pa, » 2 2)]. 
’=srar[*¥ (8l-a)—p(6U—4la+e )]: 
For2=1,y=0, and hence V = =p 1, 
Substituting this value of V 


y= war —@) (3 /—2 @) and 


OF (6 P15 22+8 2’). 


da rs . I 
Putting this last equal to zero, we find 2 = ir 288 1, 


for the value of 2, which makes the deflection a maximum, and this in- 
serted in the value of y gives for this maximum deflection itself, 


or #= 0.5785 J, 


_ 89455 88 pit _ pl 
Arar eee 0.0054 pr 
For the breaking weight, we have, since the greatest moment is.at the fixed 
1 1 2TI . 16 TI 
end and equal to 5? i, Ma? $? oxe +3 hence p/ = .T 


The strength is, then, § times as great as for the same load in the middle, 
but no greater than for a beam of same length and load supported at both 
ends. 


1s. Beam fixed at both enuds—Constant. cross-section— — 


Concentrated load,—Taking our notation as before (Art. 12), we 
have in this case not only a reaction at the right end, but also a positive 
moment there as well, both of which must be found. If /, be the distance 
from left end to weight, and 7, from weight to right end, and if V; and 
V; are reactions, M, and M; the moments at left and right ends respec- 
tively, then for equilibrium we must have —V, + V. =P, M,+Vii= 
M, sa V, ls. 


For @ less than 7, we have M=M, +Vie= BIT BA Integrating 


once, since the constant is zero, because, for « = 0, ay = 0, we have 


49 | 
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Integrating again, since, for = 0, y = 0, and the constant is zero, 


= par [PM+Ve 2", 


For the distance from the right end to the weight we may obtain similar 
expressions, if we take that end as the origin, only we should have —V, 


and M, in place of V; and M,. At the weight itsclf - 


and y must in 
each case be equal, but =~ of opposite sign. Therefore we have the equa- 
tions (2 M, +V; lh) hi = —(2 M.—V; Py) la, 


(8 M, + Vv; h) 1? - (8 M.—V; i) ist: 
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_ From these two equations, and the two equations above, viz., -V:+V. =P 
and M, + V; 4, = M.—V;3 /2, we can determine Vi, V2, M, and M,. 
Thus from the last two we have 

Vi l, +V_2 I, = M, -M, = Vi hi +P 1+Vi la = Vi 1+P ls, 

or Vv, /= M,—-M,-P hl. 

So also V2. 7 = M.—M, +P /,, and substituting these in the equations above, 

we have 

(M,+M,)7=P 1, la, 
M, J (2 1,—t2)—M, 1 (2 —-h) = Ph lb (ih —h); 
and from these we have, finally, 


l, es M: a P 1? J, a 


M, =P z 3 


and then from the values of V, 7 and V2 1 above 
Cx! P me (3 hth) 


y 1,2 (4481s) 
Vi _— zB V2 — +P ses emaain 
Change of shape. 


Substituting these values, we can now find 


» dy Plea 


ie P Py a 
Hence y is a maximum for # = of a , and the maximum deflection 
1 2 ‘ 


itself is 
Ree 1? t4® 
8 BI 1,4+h)* 
This expression will be itself a maximum for 7; = J, or 1, = }1, that is, 
the maximum deflection for a weight in the middle is at the weight and 
equal to 


Pi 


4= 72H 


This deflection is greater than the maximum deflection for any other 
position of the weight, which in general is not found at the weight itself, 
but at some other point between the weight and farthest end. 

We see above that the deflection in this case for load in middle is only 
one-fourth as much as for same beam and load when supported at the ends. 

Breaking weight. 

For the greatest moment, which we easily find to be at the end, we have 


Pi, 14% P h (i — 1)? 

ae id * 

This is a maximum for ],=41, That is, the greatest moment at the end 
occurs when the load is distant one-third of the length from that end. The 


F ~<a 
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value of this greatest moment is — 37 4p 1. Hence we have from (11) 7 4 pt 


2 


I a 
we 4 as great as for the same beam supported at 7 


= — P= 


h 2ht’ 16 
the ends only, If the weight is in the middle, however, we have = = 


I 
it rP= a ; or twice as much as the same beam supported at the 
ends, 

19, The above is sufficient to introduce the reader to the theory of 
flexure. He can now discuss for himself the above case for uniform load, 


and prove that the maximum deflection is at the centre and equal to 


2 
Aan That the greatest moment is at the end and equal tos pl, 
i 
At” 
both in the beam fixed at one end and supported at the other, and fixed at a 
both ends, the moment at the fixed end is positive. From this end it de- 
creases towards the weight, and finally reaches a point where the moment ‘ 
is zero. Past this point the moment becomes negative, and in the case of 
the beam, free at the other end, increases gradually to a maximum and then 
decreases to zero. In the beam fixed at both ends, it increases to a maxi- 
mum, then decreases to zero, then changes sign and becomes positive and 
increases to the other end. These points at which the moments are zero 
are points of inflection, because here the curvature changes from convex to - 
concave, or the reverse. 
They can be easily found from the equations for the moments by finding 
the value of 2 necessary to make the moments zero. 
Thus, for a beam fixed at one end and supported at the other, uniform = 


We may also observe that 


and that the breaking weight is p 7 = i 


load, the inflection point is at a distance from the fixed end #= i: For =} 5% 


both ends fixed, we make M=—p [(? —6 (.—a) z] = 0, and find ¢ = 


;@ + V3) l= 0.21131 7 and 0.7887 1. The reader will also do well to 


discuss the curves of moments, He will find the moments represented by 
the ordinates to parabolas, and limited by straight lines similarly to Figs. 
73 and 75, Pl. 18. 

We shall give in the Supplement to Chap. XIV. much more general 
formule, from which, for one or both ends fixed or free, the moments and 
reactions at the supports may be found, when any number of spans of vary- 
ing length wntervene, for single load anywhere upon any span, or for load 
uniformly distributed over any span, 
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CHAPTER VIII. 


APPLICATION OF THE GRAPHICAL METHOD TO CONTINUOUS 
GIRDERS-—-GENERAL PRINCIPLES. 


80. Mohr’s Principle.—Thus far, in addition to the general 

principles of the Graphical method, we have noticed more or 

less in detail its application to the composition and resolu- 
tion of forces, and the corresponding determination of the 

“et strains in the various pieces of such framed structures as Bridge 

Girders, Roof Trusses, etc. We have also illustrated the 

graphical determination of the centre of gravity and moment 

. of mertia of areas, as also of the bending moments and shear- 
; | ing forces for simple girders, including several important cases 
‘ in practical mechanics. (See Art. 41.) Lastly, we have taken up 
the subject of Bridge girders more in detail, and developed in 
B order the principles to be applied in the solution of any par- 
. ticular case. Although brief, it is hoped that this portion will 
g be found sufficient to illustrate fully the method of procesuy 
‘ to be followed in practice. 

: As regards semple girders, the principles referred to are so 
easy of ‘application that the reader will find no difficulty in 
diagraming the strains in any structure of the kind, as explained 

in the “ practical applications ” of Arts. 8 to 13; or he can find 
| the maximum moment at any cross-section for given load- 
ing according to the last chapter. In the case of beams or 
girders continuous over three or more supports, however, we 
meet with difficulties which for some time were considered in- 
superable. 

Thus Culmann, in the work which we have so often quoted, 
says:* “ The determination of the reactions at the supports for 
a continuous beam, which depend upon the deflection, the law 
of which is given by the theory of the elastic line, is emposs¢- 
ble by the graphical method, at least so far as at present de- 
veloped. The theory rests upon the principle that the radius of 


*Culmann's Graphische Statik, p. 278. 


- 


curvature of the deflected beam, for any cross-section, is in- 
versely proportional to the moment of the exterior forces. 
Now the deflection at any point is so small, and the radius of 
curvature so great, that its construction is impracticable, and 
will so remain until Geometry furnishes us with simple rela- 
tions between the corresponding radii of curvature of pro- 
jected figures whose projection centre lies in the vertical to the 
horizontal axis of the beam. If such relations were known, we 
could by projection exaggerate the deflection of the beam 
until the radius of curvature became measurable. Since we 
are not yet able to do this, we must have recourse to caleula- 
tion.” He then enters into a somewhat abstruse analytic dis- 
cussion of the continuous girder, and deduces formulee for the 
reactions at the supports. These being thus known, the graph- 
ical method is then applied. 

. Concerning this difficulty, Mohr * remarks that it has but 
little weight, and may be easily overcome if the same simplifi- 
cation of the graphical method is made.which is considered 
allowable in the analytical investigation, viz., when we take in- 


stead of the exact value of the radius of curvative — ae 


as given by the calculus, the approximate value oar 
dx 
Thus, let Pl. 14, Fig. 50 represent a perfectly flexible cord 


ABD loaded by arbitrary successive forces. The variation of — 


these forces per unit of horizontal projection de werepresent by 
p. ‘Take the origin of co-ordinates at the lowest point B, If 
the cord is supposed cut at B and D, we have at B a horizontal 
force H, and at D a strain ©, which may be resolved into a 
horizontal force H, and a vertical force V. Since these forces 
are in equilibrium with the external forces, the conditions of 
equilibrium are 


(Ly a oe aiar ae ee 


and x 
@.. Te pa x. 


* Zeitsch. des hannov. Arch—u, Ing. Vereins,—Band xiv., Heft 1. 
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Moreover, x ‘ 
pada 
Oye ten OF ae Mo RG ey 
de 4H, H 
Differentiating 
ay _padew 
: or 
d @ 
ay 
Bo ek = 
(4) Ha =P 


Now, had we formed a force polygon by laying off the forces, 
then taken a pole at distance H and drawn lines from pole to 
ends of forces, the corresponding equilibrium polygon would, 
as we have seen, Art. 43, be tangent to the curve A B D at the 
points midway between the forces. The greater the number 
of forces taken, the shorter, therefore, the sides of the polygon ; 
the nearer it will approach the curve ABD. This curve is 
therefore the equilibrium curve, found according to the graph- 
ical method. Its equation is given above by (4). 

But the equation of the elastic line is, as is well known, 

TR 
J iciebipar <° ans i 
where E is the modulus of elasticity of the material, M the 
moment of the exterior forces, and I the moment of inertia of 
the cross-section. 

Comparing now this equation with equation (4) above, we 
see that the elastic line is an equilibrium curve whose horizon- 
tal force H is EB, and whose vertical load per unit of length p 


és represented by the variable quantity = 


This simple relation, first given by Mohr, renders possible 
the graphical representation of the elastic line, and not only 
solves graphically almost all problems connected with it, but in 
many cases simplifies considerably the analytical disonadion 
also, 


1 
$1, Elastic Curve.—If wechoose the pole distance H at “th 


E instead of E, the ordinates of the elastic line will be 2 


. . 1 
times too great. If the scale of the figure is, however, = th the 


* Stoney—Theory of Strains, p. 146. Wood—Resistance of Materials, p. 98. 
Also Supplement to Chap, VIL, Art. 11, 
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“real size, then in the diagram the ordinates of the elastic line 


will be given in true size. 
' Equation (5) may also be written 
dy 
EI-—4=M; 
d a , 
that is, the elastic curve is an equilibrium curve, or catenary, 


whose horizontal force H is EI or - , and whose corresponding - 


IM 2 
variable load per unit of length is M. or 7 respectively. 


If we divide, then, the moment area by verticals into a number 
of smaller areas, and consider these areas as forces acting at 


‘their centres of gravity, these forces determine, as we have seen -_ 


(Art..48), an equilibrium polygon which is tangent to the elas- 
tic curve at the verticals which separate the areas. Thus we 
can construct any number of tangents to the elastic curve ; areas, 
which are positive or negative, must, of course, be laid off in the 
force polygon in opposite directions. . 

If we divide the moment area by lines which are noé vertical 
[Pl. 14, Fig. 51], the directions of the outer polygon sides are 
the same as for vertical divisions, because the vertical height 
between the corresponding outer sides in the force polygon is 
in any case always equal to the total load. 

The two outer polygon sides for any method of division are, 
therefore, tangents to the elastic curve at the ends of the same. 
Here also we can, of course, have negative areas. 

82, Effect of End Moments,—A beam or girder continuous 
over three or more supports differs from a beam simply resting 
upon its supports, in that, in addition to the outer forces, we 
have acting at each intermediate support a moment or couple. 

But, as we have seen, Art. 23, the effect of these moments or 
couples will be simply to shz/¢ the closing line of the equilibrium 
polygon through a certain distance. Thus [P1. 14, Fig. 52 (a)], 
if the span 7, were uniformly loaded and simply supported at 


the extremities A and B, the equilibrium curve, or curve of mo- ~ 


ments, would, as we know (Art. 44), be a parabola ADB, If, 
however, the beam is continuous, we have at A and B moments” 
or couples acting, and the closing line A B is shifted to some 
position as A’ B’,. If now we consider the moment area, we 


see that by the shifting of the closing line the former moment - 


area, which we shall call the positive area, is diminished, while 
to the right and left we have negative areas A A’ C and BB'C’ 


\ ‘ 
= Wa 
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It is evident that these areas have also a corresponding action 
upon the elastic line. Fora positive moment area this last is 
concave upwards, while for negative areas it is convex upwards. 
At the points of transition C and C’ we have the ¢njlection 
points. This follows easily if we only hold fast the manner in 


which the elastic line is constructed, viz., by dividing the mo- 


ment area into lamine and regarding the area of each asa 
force. The forces thus obtained must plainly act, some upwards 


and some downwards, and the corresponding equilibrium poly- 


gon or elastic line must be in part convex upwards and in part 
convex downwards, and hence at the points of transition we 
must have points of inflection where the moment is zero. 

83. Division of the Moment Area,—We shall assume the 
cross-section of beam constant. Regarding the elastic line 
simply as an equilibrium polygon, we can apply the principle 
that the order in which the forces are taken is indifferent (Art. 
6) when the resultant only is desired. Since in the considera- 
tion of a single span only the first and last sides are of impor- 
tance, we can, so long as we consider a single span only, take 
then the laminze or divisions of the moment area in any order 
we please. More than this, we can, as we have seen in Art. 81, 
divide the moment area into laminze no¢ vertical ; for example, 
we may in any span distinguish ¢hree parts, one positive and 
two negative, and consider each as a force acting at the centre 
of gravity of the corresponding area. [This holds good only 
for constant cross-section. or variable cross-section the hori. 
zontal force E Lis variable.] Still further, we can divide the © 
moment area for a single span into a positive area, which is pre- 
cisely the same as for a non-continuous beam, and into a nega- 
tive area, which will be evidently a trapezoid. 

This is of great importance. To understand it fully we refer 
to Pl. 14, Fig. 52. Here, in the second span, we see that the 
real moment area consists of a positive part, viz., the parabola 
CDC’, and two negative parts A A’C and BB’C’. Instead of 
these we may take the entire parabolic area A D B and the tra- 
pezoid A A’ B’ B, or, finally, instead of this trapezoid, we may 
take the two triangles A A’ B’ and B B’ A. The parabolic 
area is positive, the triangular areas are negative. 

If we assume the load as uniformly distributed, the first area 
will be always parabolic, and we may, therefore, call it the 
parabolic area. 
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By this division of the moment area we have obtained a great 
advantage. While the three areas C D C’, A A’ C and BB’ C’ 
are all three dependent upon the moments at the supports A A’ 
and B B’, we have by this new division to do with three areas, 
of which the first is entirely independent of the moments at the 
supports, the second depends only upon that to the left, and the 
third only upon that to the right. 

84, Properties of the Equilibrium Polygon.—Let us con- 
sider now the case of a beam over four supports, that is, of 
three spans—,, 7, and 7,—the first and last being, as is usually the 
case, equal, and the two first loaded with both live and dead 
load, the last with dead load only. The parabolas for the ver- 
tical loads [Pl. 14, Fig. 52] may be constructed by means of a 
force polygon, or the ordinates at the centre calculated, and the 
parabolas then drawn. The moments at the supports are A A’ 
and BB’. Although these are unknown, it is not necessary to 
assume them at first. They may be directly constructed. 

Thus, if we conceive the moment areas in each span divided 
into positive parabolic areas and negative triangles, we have in 
the first and last span one, in the middle two triangles. If we 
consider these areas as forces acting at the corresponding centres 
of gravity, we shall obtain an. equilibrium polygon of the form 
given in Fig. 52 (6). That is, this polygon must have ezght 
sides, and its angles must be somewhere on the verticals through 
the centres of gravity of the parabolic and triangular areas, 
The parabolic areas act downwards, the triangular areas up-— 
wards. The problem is, to make: these last so great that this 
polygon shall pass through all the points of support. 

One of the properties of the polygon we have, therefore, just 
noticed, viz.: its angles must lie in the verticals through the 
middle points of the spans and through the points distant from 
A and B one-third of the spans on each side (¢.¢., the centres of 
gravity of the triangles). 

If we prolong the second and fourth sides of the polygon, 
they intersect in a point M, the point of application of the 
resultant of the two contiguous triangular area eis (Art. 44). 
: AA’L and 5 AA’ 1, that 
is, the areas are as the spans /) and 4, 

Then by the principle of Art. 18 the resultant divides the 
distance between the forces into two portions, which are to each 


The areas of these two triangles are 
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other as A to “4 or inversely as the forces. . Since the entire dis- 


tance is 5 ahts l,, the distance of the resultant or of the point 


of intersection M from L is 5 sh from N it is 5 se The point 


1 
M, therefore, must lie somewhere in the vertical at 5 1, from L, 


the point of application of the triangular area force for the 
span 2. The verticals through the centres of the parabolic 
areas we call the parabolic or middle verticals; those through 
the centres of gravity of the triangular areas, the third verti- 
cals ; those through a point as M, the point of application of 
the resultant of two contiguous triangular area forces, the lim- 
ited third verticals. Upon these verticals two sides must always 
intersect. 

85./ Polygon for the Positive Moment Areas.—It will be 


found best to take as the reduction base for-areas E 1, 2.¢., half 


the second span, and for pole distance 5. Reducing the 


areas of the parabolas to this basis, and considering the heights 
thus. obtained as forces, we can form a force polygon with pole 


_ distance ke It is not necessary to draw this polygon; our ob- 


ject is to find the corresponding equilibrium polygon. This 
last, since we consider the entire parabolic area as a force act- 


ing at its centre. of gravity, consists of two lines which inter- 


sect in the vertical through the middle of the span. We pro- 
long each of these lines and obtain two lines as shown in Pl. 14, 
Fig. 52 (c). The segments cut off by these lines from the verti- 
cals through the supports are the moments of the parabolic 
areas with respect to the supports. These moments we can 
easily find. 

Thus, let the deflection of the parabola in the second span at 


the centre’ be.f; then its area is Ju. This reduced to the 
basis sl, gives & fas the force. The moment of this force 


with reference to the supports is * ee xt s4= 2fx = eh This 
moment is equal to the segment pierit multiplied . the pole 
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distance. This last is ; 1, The segment, therefore, is2/ We 


do not need, therefore, to draw the force polygon, but have sim- 
ply to take off with the dividers the middle ordinate of the para- 


bola f= 2° , and lay it off éeotce on the verticals right and left 


through the supports, and join the four points thus obtained by 
lines crossing each other under the centre of the span. The 
equilibrium polygon for the positive parabolic area is then 
ready for the middle span. [We advise the reader to construct 
it for himself. ] 

For the two side spans the construction is different. Here 


the area of the parabola is : 57 ; " the reduced area ; Baie ;, and 
the moment = oT f x2 = =37' 


Dividing by 2 5 : we have for ay segment required 


Ly? 
a ais (a Re 
td eee, 
Therefore, in the end spans, or generally in any span not equal 


to the standard span, or that which furnishes the constants d, 


and : 2,, we must multiply the middle ordinate of the parabola 


by the square of the ratio of the “ standard” span to the span 
in question, and then lay the product off twice upon the verti- 
cals through the supports. This multiplication is easily per- 
formed graphically. If from the middle of span 4 we lay off 
” horizontally and join the end with the end off’, then lay off 
i, in same direction and draw a parallel to the first line, the 


segment on f’ will be IT $ uy For we shall have 
Las fF Ns or w= f" =. . 


Since these cross-lines depend upon given quantities, they’ 
can be constructed for every span, and thus we have Fig. 52, ¢. 
They give us not only the moments over the supports, but also 
the moments for any point of the parabolic area forces. We 


shall hereafter make use of them. 
86. Construction of the Fixed Points, and of the Equi- 
Mbrium Polygon.—We have thus all the given and known 


2, aaa 
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quantities, have deduced the general properties of the equili- 


_brium polygon, and will now endeavor by their aid to draw the 


polygon itself. We shall then be able to find the actual mo- 
ments A A’ and B B’ at the supports. It is impossible at first 
to draw any single s¢de of the polygon in true position, and we 
must, therefore, endeavor to find certain podnis of the same suf- 
ficient to determine it. 

Lay off first the three spans, Pl. 14, Fig, 52 (d). Suppose 
the second side of the polygon prolonged till it intersects the 
vertical through the end support a, in a point K, Fig. 52 (0) 
This point is known. It is given by the moment of the para- 
bolic area in the first span with respect to this end support. 
This moment we have already by the cross-lines in Fig. 52 (¢). 
We have then simply to take it off in the dividers from (¢) and 
lay it off from @ to K’ in Fig. 52 (d). We have now in Fig. 52 
(4), two points of the polygon known, namely, the end support 
and K, which last must be in the nected side prolonged. 

The triangle LL. MN is now of special importance. What- 
ever may be the position of KM and MN, we have already 
seen that the intersection M must always lie somewhere in the 
limited third vertical. The first side KM must, however, 
always pass through K, a known point. The second must pass 
through the support, also a known point. The points L and N 
ii eer always lie in the thord verticals, distant from 


mh bad 3h respectively. 


is the a K M takes up various positions under these con- 
ditions, the line MN will revolve about a fixed point which is. 
given by the intersection of a line through K and the support 
A with MN. | 
_ If, then [TFig. 52 (@)], we draw a line in any arbitrary direction 
through K’, and note the intersections L’ and M’ with the first 
third vertical and the limited third, then through L’ and the 
support draw a line to intersection N’ with second third verti- 
cal, and join M’N’, and finally through K’ and the support 
draw a line intersecting this last in I, the point I thus deter- 
mined is a fiwed point, ‘and remains the same for any position 
of K' M’. It is therefore a point on the fourth side MN of 
the polygon. For the triangle L’ M’N’ may have any posi- 
tion, yet so long as its angles lie in three parallel fixed lines, 
and two of the sides pass through two fixed points, the other 
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side must also pass through a fixed point.* Out of all possible 
positions of the triangle, one of these positions must coincide 
with the polygon sides, and hence this fixed point is a third 
known point, since we have already K’ and the end support. 
Although, then, we are as yet unable to draw any of the sides 
of the polygon in true position and direction, still from the 
hitherto. known properties we have deduced a new one. We 
know now a point through which the fourth side must pass. 
But this is not all. We proceed still further. The fourth and 
fifth sides must intersect upon the vertical through the centre 
of the second span. These sides, moreover, cut off upon any 


_vertical the moment of the parabolic area with respect to any 


point in that vertical. We know this moment thus for the 
point I just found. It is found by taking the segment cut off, 
from the vertical through I, by the cross-lines for the parabolic 
areas found above in Fig. 52 (¢). 

Laying this segment off from I, we thus find I’, a iii in the 
Jifth side prolonged. From this point we proceed as before to 
find the next fixed point I’. We then lay off from I” the mo- 
ment of the parabolic:area for this point and find I’, a point 
upon the eighth side. We can now draw the polygon itself. 

Thus the eighth side passes, of course, through the last sup- 
port and also I’. It is therefore determined. Through the 
intersection of this line with the vertical through the middle of 
the span and the point I’ the seventh side passes. The sev- 
enth side is therefore determined. Through the intersection of 
this with the third vertical and the support the sixth side 
passes and continues till it intersects the third vertical on the 
other side.~ Then from this point towards I’ to intersection 
with vertical through centre of middle span. From this last 
point towards I to intersection with third vertical. From this 
last point again through support to intersection with third verti- 
cal on other side; then towards K’ to intersection with vertical 


through centre of end span; and lastly, from this last point of | 


intersection through the end support, and the polygon is com- 
plete as given in Fig. 52 (0). 

In this manner, however, inaccuracies may occur. To avoid 
these we may start from the sight end support and also find 
four fixed points as above. It is unnecessary to make the con- 


* This proposition the reader can easily prove geometrically or analytically, 
See Art. 112. 
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struction. We see at once that we shall thus obtain in each end 
span two points, in the middle span fowr points, which last, be- 
ing joined by lines crossing each other, give in the middle span 
two sides in proper position. It is also evident how the poly 


gon may then be completed. 
87. Construction of the Moments at the Supports,— Thus 


we are able to construct the equilibrium polygon, or rather the 
extreme tangents to the elastic line for each span. We have 
now to determine the two moments over the supports. This is 
very simple. The first moment to the left is cut off by the 
fourth side, the second by the fifth side of the polygon, from 
the verticals through the supports. We have therefore only to 
prolong these two sides, take off the segments in the dividers, 
and lay them off in Fig. 52 (2) in AA’ and BB. We have, 
then, in Pl. 14, Fig. 52 (a) the moments for the given case and 
loading at any point, as shown by the shaded area. 

The proof is simple. The two lines NM and NL [Fig. 52, 
6] evidently cut off upon the vertical at the support the moment 
of the force acting at N. This force is the area of the triangle 


A A’ B’ equal to : AA’l,. This reduced to the basis . Z, gives ; 


AA’. If we multiply this by the lever arm of the force, we 
have its moment. This moment is, however, equal to the seg- 
ment A A’ multiplied by the pole distance, and since this pole 


1 : 
distance is itself 3 i,, the segment itself to the assumed pole 


distance gives us the moment. 

We see that it is not necessary to draw the line N L as it 
passes through the support. We have simply to prolong the 
side M N to intersection with the vertical through the support. 
It is to be observed that the moments at the supports are cut off 
at the supports only by those lines which pertain to the “stand- 
ard” span, or that span from which we take our reduction basis 
and pole distance. For lines in the other spans the above does 
not hold good without modification. It is, however, always 
possible, at least for from two to five symmetrical spans, to 
observe the above conditions. In those cases where this is not 
possible, an easy graphical multiplication of the segments by 
the square of the ratio of the spans will give the moments. 
We see also the reason why, for four symmetrical spans, the 

second and not the first must be taken as the standard span. 
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If the construction of the moments over the supports isour 


sole purpose, as is in practice the case, the polygon need not be 
drawn. We have only to find our jived points, and note the 
intersection of the sides with the verticals through the supports, 
without drawing the sides themselves. In the preceding Arts- 
we have purposely considered only the particular case of uni- 
form loading, 
familiarize the reader with the nature of the problem and the 
method of its solution. In order to attain a clear understand- 


ing of the subject as thus far developed, he would do well to 


take some particular case, as, for instance, that of a girder of 
two or three or four spans of given length, the end spans being 
equal, and intermediate spans equal and say one-fourth longer 
than the ends, and work out by diagram the moments at the 
supports for a uniform load over the whole length of girder. 
For two spans the moment at the centre support should be 


; p P,l being the length of span, p the load per unit of length, 


For three spans the moment at the two inner supports is 
1 + 7° 


AB+In? ?, where n/ = the length of end spans. Thus, if 


a pl. For four spans the moment at the 


Be 
m = 7, we have 75 


1+2% 
second and fourth supports is rari pF, and at the middle 
+2n—7n3 
support | me Tix we pf. By these formule the graphical 


results may be checked. 

When the reader has thus become thoroughly familiar with 
the principles of the preceding Arts. and their practical appli- 
cation, he will be ready to resume at this point the more gen- 
eral development which follows. 

88. The Second Equilibrium Polygon.—We see, there- 
fore, that the actual form of the elastic line is not required to 
be known. Only the outer forces and their moments are sought, 
and to determine these it is sufficient to know the position of 
the tangents to the elastic line at the supports. Thus the first 
line of the equilibrium polygon [Fig. 52, 6] being given in 


position, by the aid of the middle, third, and limited third — 


verticals and the known point K,all the other sides may be 


and have taken only three spans, in order to 
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drawn, and the moments at the supports found.” We conceive, 
therefore, the moment area as the difference of the trapezoid 
A’ A” B’ B’ [P1. 15, Fig. 53] and the parabolic area A” C” B”, 
or equal to A’’ C” B” minus triang. A’ A” B’ minus triang. 
B’ B’ A”. The area A” C” B” we call the s¢mple or parabolic 
moment area. 
If we indicate the moments at the supports A’ A” and B’ B” 
by M’ and M”, then, for a given span J, 
A’ A” B’ =4 I’ Z and 
A” B’ B” — 4 I” 5 
If we indicate further the height of a rectangle of base 7 and 
area A” C”’ B’, that is, the mean value of the moments of the 
corresponding simple girder by Wt, we have 
area A” C” BY” = lo 


The verticals through the centres of gravity of the triangles 
divide the span into three equal parts. We call these the third 
verticals. The load t/ acts at the centre of gravity of the 
parabolic area A” BY” C”, 

The four-sided equilibrium polygon AUS VB corresponding 
to these forces we call the second equilibrium polygon. The 


pole distance must be (Art. 81) < EI. Instead of this, we take, 


‘ h 1 

which amounts to the same thing, the forces G F = 5M . ’ 
1 y 

EH 5 M”> and FE=M - and the pole distance d= 


El ‘ 
aia? where A is any assumed length. For we may take the 


arithmetical mean of all the spans, or, as we have seen, one of 
the actual spans. If the outer spans are both equal to J, and the 
other spans equal to 7,, we should naturally choose ’ = 4, since 


then the forces would be ; MW’, : ™M” and Mi. 

If the position of the tangents at the supports were known 
or found, the equilibrium polygon could be easily drawn as 
follows: Upon the two verticals distant each side of the centre 


, B 4 
S [Fig. 53] by the pole distance 6 = ~~ lay off the distance 
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A=M c, and join the points thus obtained by two lines cruss- 


ing each other. These cross-lines are the lines OF OE of the 
force polygon. If now we make U U' and V V’ equal to the 
ordinates of the cross-lines vertically under U and V, then the 


sides of the equilibrium polygon U 8 and V 8 prolonged, pass 
through U' and ¥'. This will at once appear from an inspec- - 


tion of Fig. 53. 

In this form the equilibrium polygon was first repre- 
sented by Mohr. (Zeitschrift des Arch. und Ing. Ver. 2u 
Hannover, 1868.) 

89, Determination of the Moments over the Supports, 
—If we draw in the force polygon, lines parallel to the four 
sides of the second equilibrium polygon, then the segments of 
the force line between the lines parallel to A U, BV [PI. 15, 
Fig. 53] and those parallel to S U, S V, are respectively FG= 


= M's and EH= 5M’ S If we pela SU and 8 V to 


intersections M and N with verticals through the supports, and 


represent A M and BN by vy’ and y’”’, we have from the simi- 
larity of the triangles U AM and VBN withhOGFandOHE 


yf SMS EL Band ys SMS 502, 
hence 
5S oe ae 

Y=6bn 4 ~6bN 

The segments A M and B N are, therefore, proportional to 
the moments at the supports M’ and Mt”. 

These moments themselves can now be determined in vari- 
ous ways. 

1st. It is in general best to choose the second pole distance 


b= ; > We have then 


M’ = »/ (7) M” = y’ (7 , (Art. 70). 


If, then, at a distance from U and V either way equal to 


26 (7) = ao we draw verticals, the segments A; My, and 
B, N, cut off from these verticals will evidently be equal to 


the moments required, viz., MI’ and M”’. 
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2d. If we take \ = /, we have at once M’ = 7/ and M” = vy” 
In the inner spans, therefore, we have directly, as we have al- 
ready seen, for the special case (Art. 72), when » = /, the mo- 
‘ments at the supports. 

38d. For a span adjoining a span whose length is ’, we have 
the moment for the intervening support directly from this last 
span. If the inner spans have the same length /, and the two 
outer the same length 2,, we can accordingly, by making 7 = J, 
obtain directly the moments at the supports. 


90. Comparison with Girder fixed horizontally at both . 


ends,—If the ends are fixed horizontally, the lines in the force 
polygon parallel to A U and B V coincide, 2.¢., H and G fall 
together. Accordingly, if we designate the end moments now 
by Di’ Wt’’ we have (Fig. 53) 


5 (F G+iG E)=5F E or 5 (OW +M”) = M. ° 


Therefore, in the first equilibrium polygon, the moment areas 
on each side of the closing line are equal. 

Indicating the points for this case by the index 0 [Fig. 54, . 
Pl. 15], we have the triangle A U, M, equal to U, Vy) V%, 
and therefore A M, = V, V’, = V V’, as also, in like manner, 


BN, =U,U,, =U U,, or, taking 5 = : ‘ 
> Tb a ay V v= a (5 : 
a (;) ne x) 
Therefore, the ordinates between the cross-lines at the verti- 
cals passing through U and V are, for girders fixed horizon. 
tally, proportional to the end moments WY’ and MN’. 


for’ =1, d= : Z, and these ordinates give the moments 


directly. 

If we draw through U’ and V’ a straight line intersecting 
the end verticals in Q and R, and prolong N U’ and MV’ to 
intersections S and T, then QM = 2 UV’, QS=VV’, and 


2 
hence M S=2 UU’+V V' = (2 IW’ +N”) (<) ; and in the 
same way N T = (2 Mt’ +N’) (:) ‘ 


Therefore, the segments cut off upon the end verticals by the 
eross-lines are proportional to 2 WM’ + MN” and 2M’ + Me’. 
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The quantities BY ao "bing known, we cn ey 
struct the cross-lines. | 

If we draw a line through U and V to interseetions O a 
we hve OM=VV’, PN=UU*’. ‘Therefore, A O ar 


are equal to ("1M") (Z)' and av”—ae”) (2), 


M” are the moments at the peers for a continuous 
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CHAPTER IX. 


CONTINUOUS GIRDER—LOADED AND UNLOADED SPANS. 


91. Unloaded Span.—If the span is unloaded, we have to 
construct ih second equilibrium polygon, only the two forces 
7 


5 MW’ / and = 5 17. Ifthe position of the end tangents is known, . 


the polygon is completely determined. If we prolong the 
middle side U V to intersections M and N with the end ver- 
ticals [P]. 15, Fig. 55], then, by the preceding Art., AM = 


2 2 
I’ E\ BN=M” (<) ; therefore, AM:BN:: M’: M”. 


If now we draw AB intersecting U V in I, the moment at this 
point is zero. That is, the intersection I of the line j fgg the 
supports with the middle side of the polygon is the point of i- 


flection of the elastic line. 
R 92. Two successive Unloaded Spans,— Prolong the two 
middle sides U V and U, V, [Pl. 15, Fig. 56] of the equilibrium 


polygon for the two spans /, and Z,.. The point of intersection 
W is a point in the resultant of the forces at Vand U,. Since 


these forces are ; M, d and - M, /,, we have Wy V, : W, U, :: 
1,:%. But the horizontal projection of V, Uj is : (4 + 4), 
therefore that of V, W, is : 1, and of U, W,, ahs while that of 


BW, is = 5 a i). The vertical through W we have called the 


limited es vertical. Its position is, as we see, easily found, 
and depends simply upon the length of the spans. 

Let us now consider more closely the intersections I and L of 
the middle sides with the straight line joining the supports. 
We have 

? LU,:LW,::U; U,: W, W. 


hae eet) ae i a a 
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But we bave also 
U,U,:VeVi: BU: BV, ::4:h; 
hence 
LU,:LW,::1V.x4,:I Wx 

The ratio of the parts into which W, U, is divided by the 
point L depends, therefore, for given spans only upon the ratio 
of I V, to I W,, or upon the position of I alone. 

If, therefore, we were to draw through the point I another 
polygon, the point L would be unchanged, or still more gener- 
ally, 7f the point! for different heights of the supports and 
different polygons moves in the same vertical, the point La will 
also move in a vertical. 

If the supports are in the same straight line, the points I and 
L are the points of inflection of the elastic line. We have 
therefore the principle, that if for different polygons the in- 
Jlection point I remains the same, the inflection point Ia re- 
mains also the same. 

The point I being given, we can easily construct the point L. 
We have only to draw through I at will any line intersecting 
the third wertical through Vy and the limited third at, say, V 
and W. Through V and the support B draw a line to inter- 
section U, with third vertical through Uy. Join now U, with 
W. The line U, W cuts the line through the supports A and 
B in the point L. (See also Art. 86, Fig. 52, d.) 

93. The “ Fixed Points,.”—Suppose that, starting from the 
left support A [Pl. 15, Fig. 57], we have a number of unloaded 
spans. The end A then is an inflection point, since the mo- 
ment there is zero. Starting from this point, therefore, we can 
construct, according to the preceding Art., the inflection point I, 
for the next span. Then starting from this we may construct 
the point I, for the third span, and so on. Since these points, 
under the assumption that the supports all lie in the same 
straight linc, do not change their position, whatever may be the 
loading of the loaded spans, and whatever spans be ar we 
call them fixed points. 

A second series of fixed points may be in similar manner — 
constructed, when a number of spans from the right are un- 
loaded, so that there are two series of fixed powts. In the 
end spans the end supports are fixed points. 

It follows directly from the construction that the fiwed points 
are always within the outer third of the span. : 
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The construction of the fixed points is the first operation in 
the graphical treatment of the continuous girder. 

The above construction was first given by Mohr. 

94, Shearing Force, Reactions at the Supports, and Mo- 
ments in the Unloaded Spans,—The moments in the unloaded 
spans are given, then, by the ordinates to a broken line whose 
angles lie in the support verticals, and which, for the case of 
supports on a level, passes through the corresponding fixed 
points. 

4 follows directly that the moments at the supports are 
alternately positive and negative, and increase from the 
end, so that any one is more than three times the preceding. 
(See Art. 111.) 

Since now this polygon has alternately angles down and up, 
the reactions at the supports must be alternately positive and 
negative. From the corresponding force polygon it follows 
that they must éncrease from the end. 

The shearing forces are,,therefore, also alternately positive 
and negative, and increase from the end on. 

95. Loaded Span.—Let now the span A B [PI. 15, Fig. 58] 
be arbitrarily loaded. It can be proved here also, as in Art. 
92, that the prolongation of the sides U’ V’ and S U, as also of 
Vv” U” and § V, intersect in the limited third verticals. 

When the supports are in a straight line, then, by the con- 
struction of Art. 92, the fixed points I and K are the intersec- 
tions of SV and SU with AB. We can, therefore, at once 
assert, that the sides SU and SV of the second equilibrium 
polygon pass through the fixed points I and K, when the sup- 
ports are on a level. 

For known position of the fixed points and for given load, it 
is, therefore, easy to draw the second polygon by drawing ver-, 
ticals II, and KK, equal to the corresponding ordinates of the © 
cross-lines. SU and S V pass, then, through I K, and K I, re- 
spectively. Then, by Art. 89, the moments at the supports may 
be determined. 


Since AI < ah U must lie to the right of I, and the angle 


AUS is concave downwards. Accordingly, the force at U, 


viz., 1 M’7, acts upwards. The same holds good for V. Hence, 
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the moments M' M” for the loaded span are always posi- 
tive.* If we draw the lines M N and U V cutting the middle © 


vertical in P and Q, then, for 6 = au PO= ; (M’ + M”’) and 


1 
PQ=5 (av + mn’), (See Arts. 89,90.) Since now the points 
U and V must lie under A B, | 
PO<PQ or M4+M’ < M’+M"”. 

If the supports are not upon a level, it follows from this Art. 
and Art. 92, that the intersections of SU and S V prolonged, 
with the prolongations of the lines A A’ BB’, joining the sup- 
ports of two adjacent spans, lie in the VERTICALS THROUGH THE 
FIXED POINTS. 

96. Two successive Loaded Spans,—P]. 15, Fig. 59. 

1, Here alsv, as in Art. 92, we can prove that the prolonga- 
tions of S V and 8, U, intersect in the limited third vertical. 

2. Draw through B a line which intersects S V and 8, U, in 
Y’ and 1’, and the verticals through V,W and U, in Vy, We 
and Uj. 

Then 

DHUrVV:i:UB:sVYBi ih 
V,V:W,W::lV,:1' Wo. 
Hence by composition 
UU,:W Wii lV x hil W xh; 
or since U, U,:W,W::U,1,: WT; 
OF SW ere, x Gee Wik 

If, then, the point I’ moves in a vertical, the ratio I’ Vy to 

I’ W, does not change, therefore the ratio of Uy I,’ to Wy Ij’ also 


remains unchanged, and accordingly I’, must also move in a 


vertical. If I’ coincides with I, it follows from the construction 
of Art. 93 that the point I’; becomes the fixed point I. Hence, 
the intersections I’ and 1’, of verticals through the fixed points 
I and I, with the sides 8 V and 8, U,, or with the middle 
sides of the two polygons adjacent to the support, lie always 
in a straight line through that support, for any heights of 
supports. 


— 


* A positive moment always indicates compression in lower flange. 
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- This property of the second equilibrium polygon was first 
made known by Culmann. 

97. Arbitrary Loading.— According to the above properties 
of the second equilibrium polygon, the general course of pro- 
cedure for any given case of loading is then as follows [Tig. 60, 
Pl. 16]: 

1. Construct all the fixed points A TI, I, - - - K, K,, etc. (Art. 
93), and draw verticals through them. 

2. Construct the cross-lines for every span, Art. 88. 

3.*Make A C equal to O, Q, as given by the cross-lines, and 
draw a line through C and A, to intersection D,, with vertical 
through I,, Then make D, C, equal to O, Q, and draw a line 
through C, and A, to D;, and so on. Precisely the same con- 
struction holds for the other way from the right end. Thus 
A, E, is equal to R, P,, ete. 

4. In this way we obtain for each of the middle sides of the 
second equilibrium polygon two points, C and F,, C, and F,, 
etc.; A and E,, D, and E,, and so on; so that now we can ac- 
tually draw these middle sides. 

The intersections of these lines with the support verticals 
give, according to Art. 88, the monvents at the supports. For 
spans whose length is \ these moments are given directly; for 
other spans the construction of Art. 74 must be applied. The 
following simple construction may also be applied. Let 
IK be the intersections of the verticals through the fixed 
points, with the line A B joining the supports [Fig. 61, Pl. 16]. 


ah KF’ —KF CY. C’D’=0@ (7); 


2 
E’F’ =RP (*) , and draw C’ F’ and E’ D’. These lines cut 


the support verticals in M’ and N’, so that A M’ and BN’ are 
the moments. 

By the construction errors accumulate from one span to the 
next, so that the diagram must be made with care. We have 
also several checks, viz.: 1. The intersection of the middle sides 
must lie in the vertical through the intersection of the cross- 
lines. 2. The prolongation of the middle sides must intersect 
in the limited third vertical. 3. The corresponding intersec. 
tions of the middle sides with the third verticals must lie in a 
straight Bue Sheng the support. 


as. If any span is unloaded, the cross-lines coincide. faa , 
oie method of construction holds good when the supports are | ot 
a upon ae, If the difference of height of the st PP ports 


Se represented = th of the real amount, the unit for the m 


ag scale is als Sm Hy % 38 easily seen by reference to se 
= and 88, 

13 ; The above method of construction of the moments at § 
~! _ ports was first given by Culmann. o- “ne 
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CHAPTER X. 
CONTINUOUS GIRDER—SPECIAL CASES OF LOADING. 


98. Total uniform Load.—lIf a span is loaded with a uni- 


‘formly distributed load of p pounds per unit of length, the 


simple moment area is a parabolic segment whose vertical amis 
passes through the centre ri the span. [P1. 16, Fig. 62.] 


The ordinate D C”’ is af ge ?, and hence the area 


It will be advantageous here to take p 2? as the unit of the 
moment scale ; and crea 


2 
M = —— oP (<). 
The vertical sae of aie cross-lines at the pole distance 5 


from the middle is mo ay 2 then, we take b= A A, we have 


6 
e.. ry 
OPorQR: ms 5 tgs 


and therefore ; 
OoP=QR= gm (=) , that is 


-an=i9x(!) 


2. Moments. f 
If the moments A’ A” and B’ B” are known, we can find 
the end tangents of the first equilibrium polygon by drawing 
A” B”, dropping a vertical through the middle D, and laying 


1 1 1 .,/2\ ues 
off DE=2x gp? =zpl=7p™(;). The lines A” E 


and B”’ E are, then, these end tangents. With the help of 
oo we may easily construct the paralola. 
3. Shearing force. 
If we draw in the first force polygon, lines par allel to the 


a 
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end tangents and the closing line A’ B’, the distances on the 
force line are the reactions at the ends of the span. Instead 
of this we may lay off from A and B, AG and BH equal to 
the first pole distance a, and through G and H draw parallels 
to the end tangents, intersecting the verticals through A and B 
in A’ and B, We thus obtain the reactions AA,, BB, The 
ordinates to A, B, then give the shearing force at any point. 

If the line p ’ representing the moment units is equal to m, 
and that representing the force oie pr=n, then the first 


eres me ak , 


/ 


pole distance must be a = aa x =a =). 


Accordingly, it is now easy, “hat the general construction 
given in Art. 97, to construct the shearing force and moments 
for uniform or dead load of girder in any case. Let us ‘pass 
on to an example illustrating more fully the above principles. 

99. Example.—As an example of the application of the 
above principles, we take a girder of four spans, as given in 
Pl. 17, Fig. 68. The two interior spans are each 96 ft., the 
exterior spans 80 ft. each; that is, 4:2::5:6. Choose any 
scale of length convenient, as, for instance, 50 ft. to an inch, 
lay off the spans and construct first the fixed points. For this 
purpose we draw the third and limited third verticals. These 
last are easily found from the principle already deduced, that 
they must divide the distance between the third verticals into 
segments inversely as the corresponding spans [Art. 92]. Lay- 
ing off, then, from the third vertical in the first span, $7 to the 
right, or from the third vertical in the second span $4, to the 
left, we have the first limited third vertical. The same at the 
other end gives the other. For the centre support, of course, 
the limited third, since the adjacent spans are equal, passes 
through the support itself. We can, therefore, now construct 
the fixed points according to Art. 93. 

Let the load per unit of length p be 4 ton per ft. Then 
taking X [Art. 88] equal to 7, we haven = pX = pl = 48 tons 
and m= pW = p/ = 4608 ft. tons [ Art. 98 (3)]. It remains 
to assume a scale of force. Let this be 20 tons per inch, then 
our moment scale is 20 x 50 = 1000 ft. tons per inch. The 
values of which we shall need to make use are, then, to scale 

1, = 1.6 inches, \ = 7 = 1.92 inches, 


(2) = 0.6944 inches, (7) = 1,44 inches, (4) — 0.4823 inches f 
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These values are repeated upon the Pl. for convenience of 
reference. Also, pi = 48 tons = 2.4 in. =n, p? = 4608 ft. 
tons = 4.608 in. = m. fai the gi pole distance [Art. 98 (3)] 

n : P 
we have a =7 v= =6 pes l= lin. Second pole dis- 
tance [Art. 98] 6 = an = 0.82 in. 


According to Art. 98, we have now, for the cross lines, 
7\4 4 
OP =QR=ip™(;) and oP =Q'P! = 4px(3). 


Laying off these distances under the supports, we have thus the 
cross-lines. 

We have next to construct the second equilibrium polygon. 
This, by the aid of the cross-lines and fixed points already con- 
structed, we can easily do, as detailed in Art. 97 (3). Then 
the moments at the supports are given directly to moment 
scale in the: interior oe or we can find them from the end 


spans by laying off 4 i! [Art. §9]. 


Finally, the Gil thus found and laid off at the sup- 
ports, we can construct the moment curve by making D’ EH’ = 


+p»(Z) and DE= rpw( y [Art. 98 (2)], and thus draw- 


ing the end tangents and corresponding parabolas. 
_- According to Art. 98 (8), we can then find the shearing 


forces by laying off a = — » and drawing parallels to the end 


tangents to intersection with verticals through supports, as 
shown in Fig. 

We thus have both moments and shearing forces for uniform 
load. By careful attention to the above, the reader will have 
no difficulty in solving any case. We recommend him earn- 
estly to perform the entire construction for himself, referring 
to the proper Arts. at every step. [or convenience of size, 
we have not observed our scales strictly in the Figs. The 
reader should therefore not attempt to check results with the 


_ dividers.) 


100. Partial uniform Load.—1. When the girder is only 
partially loaded, as, for instance, a certain portion of the span 
87 from B, the stmple moment area consists of a triangle A BC 
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and a parabolic segment CEB. [Pl. 16, Fig. 64.] Ifin the 
first force polygon B’D’ is the total load upon the span, the  __ 
line O A’ parallel to the end tangent AG divides B’ D’ in the 
same ratio as the end of the load divides the span, or denoting 
_ the length B,C, by 82. 
BAe P< BT <7. 

The intersection G of the end tangents lies in the vertical — 
GH, which halves BF. Since the triangle BG T is similar to 
O A’ B’, we have | 


BT:B’A’'::48:a; 
or since B’D/=p/, B’ A’=pB=pl 


Bz: pues: 24 B:a; 


BB 
oa 
It is Charan easy to construct BT as in Fig. 64, where 


B 
;: 


or BT=pl7 


B, D,= pl, A,B, = B' A’=pl r and pole distance = $B; 


then B,D, = BT. 

If BT is thus found, we can easily, when A and B are given, 
construct the end tangents, and then construct the first equili- 
brium curve itself. 

2. Make GK = } GI, then the triangle C KB is equal to 
the parabolic area CEB. If, then, through K we draw a — 
parallel to C B, intersecting CG in L, and through L the ver- 
tical LM, the triangle ALB is equal to the entire simple 
moment area. This last is therefore proportional to LM, or 
M2Z=42x LM; hence M=}$ LM. It is easily proved 
also that FM=4 FB. Thus, as GK is 4 of GI, GL is 
4 of GC; hence MH is 4 of FH, and therefore F M is % of 
FH, or % of } FB=4 FB. LM can therefore be easily 
drawn. 

8. Let N be the middle of AB. Make NO equal to} FN. | 
Then the centre of gravity of the triangle ACB is in the ver- ; 
tical through O, while the centre of gravity of the parabolais =— 
in HG. If through L we draw a parallel to AB, intersecting 
the vertical through C in P, the two areas are to each other 
as FC to CP. If in the vertical through O we make OQ= : 
4 CP, then, since IH = 4 CF, we have 

IH;0Q:: FC; CP. 
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The intersection R of the line QI with AB lies, then, in the 
vertical through the centre of gravity of the simple moment 
area, 

Thus the construction of the cross-lines is now easy. 

4. It is most convenient in the application of the above to 
construct or calculate the distances of the cross-lines under the 
supports once for all, for load over various parts of the span. 
The necessary formule can be directly deduced. Thus the 
1 
2 


2 sO cae 
Triangle BCT=BTx x 9 Rl="S7 x 5 Bl. 


st AG. De 
Triangle BAT=BT x 5/= oa 


‘Triangle BLT=BT x} fee +B. 
The entire area is equal to . nes ALB. 


a pura? (171 
But ALB=BAT me (52 31.) 


The triangle AC B= BAT—BCT;; hence 
acn=2F 7 (2). 


The parabolic area is sm e am entire area minus ACB, 


Ws x 


or parabolic area = aa %G “8 i. 


F is distant fron BT a a distance Bl, N by a distance = 
sb NO is : of NF; hence O is distant from BT 


5 (8¢—5 ‘+5 1 or = 5 (62+). 


Therefore, the moment of the eae area, with reference 
to the right support B, is 


ne ee 1 1 a Rn 
x5 0-8Dx5 (+8) = 2 Ppp), 
The moment a the Fete area is 


The total se we ae to the right support, is, 
therefore, 


m, = 227 (op. 


- ees 
. . ‘ 


bie a iene rch a 2 > i 
i +g Pee 


fo 
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In a similar manner we find for the left support 
m, = 28? ro gp, 


24 a 
When 8 =1 the span is completely covered, and we have, _ 
then, right and left ‘ 
aN | 
sitet 24 a 
_If we compare this value with those for partial loading, we 
see that they differ only by certain coefficients, and that these 


coefficients depend only upon the length of the loaded portion. 
If, then, we have the distance between the cross-lines for ¢otal 
load, we have only to multiply by certain factors to obtain the 
distances for partial loading. For uniform or total load over 


4 re 
the whole spari;\this distaties is given by : pr ( x) (Art. 98). 


If we divide this distance in certain proportions we have at 
once the distances for partial loading. These proportions are 
given by (2—8") 6 for the right support, and (2—8)? 8 for the 7 
left, under the supposition that the load comes on from the 
right. The reverse is the case for load coming on from left. a 

ive 
If we take 8 =7,5,7 
portions once for all. We thus have the following table: 


of the span, we can calculate these pro- 


Support under load Support for unloaded end 


(2-B) B% (2-8)? B. 
1 31 49 
Z span loaded..... 356 7 O11... ‘ta = 0.1914. 
1 pan loaded. ....-—<-- = 0.4875....-—— = 0.5625. 
2 16 16 
3 207 925 | 
4 span loaded.... ‘356° = 0.8086... 356 = 0.8789. 


The division of the distance between the cross-lines for uni- 
form load over the whole span into these proportions is easily 
accomplished graphically. Thus, from the end of the line to 
be divided, draw a line in any direction, and lay off upon it the 
six numbers above, to any convenient scale. Join the end of 
the last division with the end of the line to be divided, and 
then draw parallels through the other points. 

It is important to observe some definite system‘of numera- 
tion, otherwise, especially in the first attempt at construction, 
confusion is apt to arise. 


Vine Meet M2 


‘ 
” 


8 ee ee ee ee en eer 
‘ 3 ~- 
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We can thus find the cross-lines for any position of the load, 
and for each position can, if we wish, draw the equilibrium 
polygon and determine the moments according to the general 
method of Art. 97. 

101, Concentrated Load.—The simple moment area is in 


this case a triangle [Pl. 16, Fig. 65] whose area is ; Lh, h be- 


ing the height CD, Therefore 


1 
AE 
If from the centre of the span E we lay off EH F = : ED, D 


being the point of application, a vertical through F passes 
through the centre of gravity. 

As the height C D is proportional to Mt, we may take C Das 
second force polygon. Since 4 = 2 Mi, the distance of the pole 


N must be 2 x5 t= ; 2, when 7» =7 (Art. 89). Draw N P 


parallel to A B, then is N P = ; AB. 


Parallel to NC and N D we may draw the cross-lines. A 
simple construction may be given for them when they are made 
to pass through A and B. Let A Mand BL be the cross-lines. 
Then the triangle S B M is similar to N C D, and 


BM:CD::BF:NP. But 
BF=BE+{ED=4AB+4}({AB—AD)=}(2AB-AD) 
and NP=tAB; therefore, 

BM:CD::(2AB—-AD):AB. 

Make DG=AB, then BG=2AB-—AD. 


The point M is accordingly found by drawing a straight line 
through G and C, DG being equal to AB. In the same way 
make DH = AB, and draw a line through H and C. We 
thus obtain L, 

The prolongations of MC and ©, therefore, intersect A B 
prolonged in the points G and H, distant from D by A B. 

If, then, we have to investigate a concentrated load in various 
positions, we draw the first equilibrium polygon C X and C ¥ 
(Pl. 16, Fig. 66], and lay off in the same the closing lines (for 
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the simple moment area) for the different positions of the load. 
The distances cut off on the vertical through C by these lines 
give, then, the various values of A or 2 Yt. If we draw from 


these intersections lines to the pole N, at the distance ; 2 from 


D C, the cross-lines are parallel to these lines. It will be best 


to keep for each pair the common line P Q parallel toN C. » 


When the point of application of the load divides the span into 


two equal parts, the point*of intersection of the cross-lines di-- 


vides the middle third of P Q into equal parts. 

The centre of gravity of the simple moment area cannot pass 
beyond the middle third of the span. Since any load can be 
considered as made up of a number of concentrated loads, it 
follows generally that for any method of loading the centre of 
gravity of the simple moment area lies between the third verti- 
cals. 


‘ 
D 
=f 
+4 
A 
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CHAPTER XI. 


METHODS OF LOADING CAUSING MAXIMUM STRAINS, 


102, Maximum Shearing Force—Uniformly distributed 
Moving Load.—Suppose, first, the span in question loaded 
with a concentrated weight. The simple moment area is 
A’C'B'. [Pl. 18, Fig. 67.] 

In the force polygon let O A,, OB, and OC, be respectively 
parallel to C’ A’, C’B’ and A’B’. Then C, A, and C,B, are 
the reactions at A and B. Since, according to Art. 95, the mo- 
ments A A’ and BB’ are always positive, and the middle sides 
A’S, B’S pass through the fixed points I and K, it follows 
from the construction of the preceding Art. that the intersec- 
tions O and P of the sides A’C’ and B’C’ of the first equili- 
hrium polygon with the closing line A B must always lie within 
Aland BK. That is, the points of inflection O and P are al- 
ways between the fixed points and the ends. Therefore A’, B’ 
and the point C’ must lie on opposite sides of the closing line 
AB, and consequently C, in the force polygon must lie between 
A, and B,. 

Accordingly the shear A, ©, at A ts positive, and the shear 
C, B, at B 2s negatwe. 

Let the distance of the load from the left support be 4, from 
the right support 4. The load itself is P, and the moment 
AA’ at the left support M’, BB’ at the right M’”. Required, 
the shearing force S at a point distant « from the left support. 
The partial reaction at the left is R’.. Then 

R’] = M’— M+ Pi, 
7 v7 
orR’ = sect aer eS 

IM’ and M” are always positive. If, therefore, M’ > M’’, R’ 
is positive; if IM’<™M”, then M’’— M’<M’+ M’, or, since 
by Arts. 95 and 80, Mi’+ IM’ < Mt’ + WM”, Mi’ — M’< M+ M’”. 
Now it can be easily proved analytically that for a girder hori 

U P , 0? " P L? ly , / 
zontally fixed,* Wt’ =-——-* and M =a hence Mt’ + M 


Be: 


* Supplement to Chap. VII., Art. 18. 
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—— Pah since 2,+2—21. Therefore M” — M’ 


Since, however, 7,< 7, we have also M’’— M’< Pj. Hence, if a. 
M’ is < M”, we have also R’ positive. R’ is therefore alwoays | 
positive whatever may be the position of the load. In the same 
way it may be shown that R” is always negative. 

If now the load is to the right of the point distant-# from 
the left support, then for this point the shearing force S’ = R’, 
and is therefore posztwe. If the load is to the left of this 
point, the shearing foree S = R’ -P =R", and is therefore 
negative. S for any point is therefore positwe or negative, 
according as the load lies »ght or left of this-point. Hence 
for a uniform load we deduce directly— 

The shearing force at any point is a positive or negative 
maximum when the load eatends from this point to the right 
or left support respectively. 

The same principle holds good for the simple girder. 

2. Thus far we have considered the load in the span itself. — 
Suppose now the load is in some other span, and the span in 
question is unloaded, then 


M’ — ” M” — wer 
R’ = = R” = =e. 


As we pass away from the loaded span the moments at ‘the - 
supports are alternately positive and negative, and each is | 
greater than the one following (Art. 94). Since the moments 
M’ and M” are alternately positive and negative, R’ will have 
the same sign as M’, and R” as M”, and generally R,, a3 M,,. - 

Adopting, then, the notation shown in Pl. 18, Mig. 68, we t 
have for the span J,_4 i § 


M1 — Min ie 
palatal © ae at 


where R,, has the same sign as M,,. 
In the same way 


M. — 
Rayi= 2 


and therefore 
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But ae is negative and greater than 2 (Art. 94). . There- 


fore in the preceding expression the numerator is positive and 


M,,-1 
M,, 


>3. Further, is ae and less than 5 i , hence the de- 


: ae 3 3 
nominator of the above expression is negative and < 7 There- 


7 


, that is, the shearing forces — 


fore a" is negative and > 2 —— 


brn 


at the supports are alternately positive and negative, and in- 
crease (when 2 /,,_; is not less than /,,) towards the loaded span. 
We have then 
— Rast 3 Von 
By ry 

For any span, then, the shear at the left support R’ will be 
positive when the left adjacent span is loaded, the right adja- 
cent span unloaded, and all the other spans each way alternately 
loaded. The thdas R’ will be negative when the remaining 
spans are loaded. Hence: | 

The shearing force is a maximum (positive) at any point 
when the load extends from this point to the right support, and 
the other spans are alternately loaded, the adjacent span to the 
right being unloaded, that to the left, loaded. The negative 
maximum, on the contrary, occurs when the load extends from 
the point to the left support, when the right adjacent span ts 
loaded and the left unloaded; the other spans alternately 
loaded. 

Pl. 18, Fig. 69, gives these two cases. 

In practice such a loading can never occur. If we suppose 
the rolling load divided into two portions only, the above rule 
reads as oilows: 

The shearing force at any point will be a positive maximum 
when the load reaches from the right support to this point, and 
when the left adjacent span is covered. The negative maximum 
occurs when the load reaches from left support to the point, 
and the right adjacent span is covered. 

103. Maximum Moments.—1st. Loaded Span. Leta weight 
act at the point D, Pl. 18, Fig. 67. Then AUS VB is the 
second, A’ C’ B’ the first equilibrium polygon, and A A’, B B’ 
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are the moments at the supports. We have already seen that Mi 
the inflection points O and P (for which the moment is zero) 
lie outside of the fixed points. We can therefore assert that 
within the fixed points the moments are negative wherever the 
weight may be placed. From the Fig. we see at once that the z 
inflection points O and P move to the right or left as the weight 
moves to the right or left. Accordingly when for the weight _ 
at D the moment at O is zero, the moment at this point will be zs, 
positive when the load moves to the right of D, negative when 
it moves to the left of D. 

Hence for the maximum moment we have at once the follow- 
ing principle: 

For any point O outside the fixed points the moment will be 
a positive or negative maximum when the load reaches from ‘ 
the point D, where a load must be placed to cause the moment : 
at O to be zero, to the right or left support respectively. For 
the negative maximum, therefore, the load reaches from AtoD; 
Jor the positive, from D to B. . 

If the point O is given, it is indeed possible to determine by 
construction the point D to which the load must reach. It is, . 
however, simpler to asswme D and then construct O. ‘ 

If we choose for the different positions of Dan arbitrary 
length for C’ D’ (Fig. 67), so that the point O’ fallsin a parallel 
QR to A’ B’ (Fig. 70), and, moreover, take D at equal intervals, © 
then the points L and M will be at equal distances (Fig. 67), | 
and hence the points I and K (Fig. 70), in which the verticals 
through the fixed points are intersected by the lines A’ Mand _ 7 
B’ L (Fig. 67), will be at equal distances. We have, then, the ; 
following simple construction [Fig. 70, Pl. 18]: | 

Between the verticals through the supports draw two parallel = 
lines A B and Q R at any convenient distance apart,and divide __ | 
QR into a number of equal parts; four or five are sufficient. 
Draw lines from A to R and the middle S intersecting the ver- 
tical through the fixed pointIin I, and J,. In the same way find ay 
K, and K,. Divide I, I, and K, K, into the same number of 
equal parts as Q R has been divided into, and join these points 
in reverse order by lines. The intersection of these lines with Ee 
the lines drawn from A and B to the points upon Q R give the 
points O, for which the moment is a maximum when the load 
is limited by the corresponding point upon Q R. | 

This construction was first given by Mohr. : a 
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104, Determination of the Maximum Shearing Forces, 
—According to the general method of construction given in 
Art. 97, we can now deter mine by reference to Arts. 98 and 99 
which treat of total and partial distributed loading, the shear- 
ing forces corresponding to the methods of loading which cause 
maximum strains. 

As a review of the preceding principles, we take the same 
example as before, as given in Pl.19, Fig. 71. Here again the 
reader should construct the Figs. for himself. The scales are 
as before, Art. 99. 

Fig. @ shows the method of loading for positive maximum 
shear in first span; and the second Fig. below, the same for 
the second span. [Art. 102.] 

We first find, precisely as in Fig. 63, the shearing forces in 
the third and fourth spans for the total loads over those spans, 
and lay off the shear thus obtained in the first and second spans, 
as indicated by the broken lines in Fig. 6 in those spans. Thus 
having first found the fixed points, which we may here take 
directly from Fig. 63, we construct as in that Fig. also the cross- 
lines for total load in third and fourth spans. Thus laying off 
54 equal to O, P,, and drawing a line through 4 and support to 
intersection with vertical through fixed point in second span 
| Fig. 60], we determine D’, and then from the cross-lines find 
at once D’. In like manner, supposing for the moment the 
load on the other two spans, we have ¢a,@D, DaandaF’,” 
and then at once F”’, F” D’ cuts off then the moment at the 
right support, and joining 1, 2 and 5, we find, according to Art. 
98 (2), precisely as in Fig. 63, the end tangents; and then from 
these, with the first pole. distance a, find the shear. This is 
given by the broken lines in third and fourth spans. Lay off 
these lines in first and second spans, remembering, since the — 
shears at the supports alternate, that the positive shear at left - 
of fourth span must be laid off as negative (down) at right end 
of first, ete. [See Fig. 63.] 

Now for the positive shears in first and second spans for the 
different methods of loading, we have only to determine the 
direction of the tangents through end of load [Fig. 64, Art. 
100]. The lengths of the segments cut off upon the verticals 
through the supports by these tangents are given for first and 
second spans by Figs.,f and e, for each position of load. [Art. 
100 (1).] 
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We have first, then, to construct the cross-lines [ Art. 100 (4)] 
as shown in Fig. d. 

Take first the second span. For this span, as shown in Fig. 
a, the first span is fully loaded, as also the last. Make, there- 
fore, ¢ @ = O, P,, draw a D, and we thus find the point D, com- 


“mon to all the middle sides of the second equilibrium polygon. 


for different positions of load. So also make on right 54= 


O, P, and draw 4 D’, and then, since third span is empty, D’ F, — 


aud we thus have F. Now from D and F lay off the cross- 
line distances, as Da, Dd, Dc, equal to ea, eb, ec, ete. Draw 
lines through these points and D and F respectively, and note 
their points of intersection a 6 ¢ d with the verticals through 
the supports. [Norr. Be careful to preserve an orderly nota- 


tion.| These points give the moments for each position of 


load in second span. Take the length a a from Fig. e and lay 
it off from @ on the right support vertical, and join the end 
with a on left. This is the tangent for full load in second 
span. A parallel to it at distance a from left gives the shear 


in Fig. d. Then lay off 6 6 taken from Fig. e on right, and join 


with } on left. This is tangent for load over three-fourths 
second span from right. A parallel to it at distance a from 
foot of perpendicular one-fourth of span from left cuts off 
shear for this position of load. So for tangents ¢¢,dd. We 
thus obtain the curve for positive shears in second ‘span. The 


negative shears are obtained by subtracting these from the | 


shear already found for full load. We thus have the lower 
curve, and the shear diagram for second span is complete. 

For first span, only the third is loaded. We lay off, then, 
78 equal to the distance between cross-lines corresponding, 
draw 8 F,, and thus find F,. Lay off now at left end ed, ec, 
eb, draw lines from these points through second support, and 
note intersections with vertical through D. Through each of 
these intersections draw a line through F,, and produce to 
intersections abcd with vertical through second support. It 
is from these Jast points that the distances aa, bd, etc., taken 
from Fig. must be laid off respectively in order to find ‘the 
tangents ¢a, ¢b, ec, ed, ee. 

Parallels to these tangents above in Fig. 6 give, as before, 


the positive shear for each position of load. The negative — 


shear is, as before, found by subtracting the positive from total 
load shear. Thus shear diagram for first span is complete. 


. 
- 
ex J 
i a s > 


- multiplied by (3): 
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Of course, the same circumstances can hold good for third 
and fourth spans as for first and second, except that positive 
shears on one side of centre support are the corresponding 
negative shears upon the other, and wice versa. 

Following carefully the above with the aid of the Fig., the 
reader cannot fail to grasp the method. An independent con- 
struction for a similar case will make both principles and de- 
tails familiar. Once thoroughly understood, the method is 
rapid, accurate, simple, and of general application. 

105. Determination of the Maximum Moments.—In 
like manner, it is easy, according to the general construction 
given in Art. 97, and referring to Arts. 98 and 99, to determine 
the maximum moments. In Fig. 72, Pl. 20, we have the same 
example as before, concerning which we have but little addi- 
tional to remark. Fig. 64, Art. 100, shows that the end tan- 
gents give the moments within the unloaded portion of the 
girder. These tangents are constructed precisely as before in 
the several spans, except it will be noticed that in the first, 
span we have made use of the construction given in Art. 97, 


Fig. 61. Thus the point F’ is determined so that KF’ = 


z\2 
KF (7) , and thus the moments are measured directly at the 


end vertical. Also upon the left support vertical we have laid 
off the distances between the cross-lines in the second span 


d 

The only thing new in the PI. is Fig. c, which, as we have 
seen in Art. 103, Fig. 70, gives the points ‘at which the positive 
moment is a maximum for each position of load. The positive 
moments can then be taken directly off upon the verticals 
through these points, and are limited by the horizontal through 
the supports and the tangents, as above. 

Thus, at second support the vertical distance to a, for first 
span, gives the moment at the support. Lay it off in Fig. a 
from the support line. For a load over ? span, we see at once 
the point for which the positive moment is a maximum from 
Fig. c. Follow up the vertical through this point. The dis- 
tance on this vertical in Fig. 6, between the support line and 
tangent 66,, gives the moment to be laid off in Fig. @ upon 
this vertical. So, for load over 4 span, we have next vertical 
and eager i, (4, and so on. We thus obtain the curve for 
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fositive moments at the right end of first span, abcde. From 
e draw a line to left support. At the other supports, in like 
manner, we determine the positive moments, and join the 
points ¢¢ in second and third spans, and ¢ and right support 
in fourth. 

We have already seen (Art. 103) that within the fixed points 
the moments are negative wherever a load may be placed. 
The maximum, therefore, occurs for full load. We have, there- 
fore, found for 3d and 4th spans the parabola for full load, 
precisely as in Fig. 63. These parabolas are given in broken 
lines in the Fig. a. By subtraction of the positive moments 
outside the fixed points from the positive moments at the same 
points for total load given by these parabolas, we obtain directly 
the lower curves as far as the points ¢ in each span. . 

The second parabola (partly full, partly broken) is all that is 
needed to complete our Fig. To obtain this we have simply, 
in 2d and 3d spans, to make the vertical through centre of 
line ¢¢ equal to its length already laid off for total load, viz. . 


2 
i pr? (3) , Art. 98 (2), produce ¢e to intersections with sup- 


port verticals, and join these intersections with the extremities 
of the first verticals above. We can then construct the para- 
bola, which completes our diagram, and gives us Fig. a. 

106. Practical simplifications.—In practice, the construe- 
tions given in Figs. 68, 71 and 72, admit of many simplifica- 
tions, which, in order to avoid confusion at first, have been dis- 
regarded. The whole solution, given for the sake of clearness 
in three separate Plates, can be performed upon a single sheet, 
since the Fig. for the second equilibrium polygon in Figs. 68, 
71 and 72 may be combined in one. Indeed, the lines neces- 
sary for the construction of the maximum shearing forces can 
be applied directly to the determination of the maximum 
moments. It is therefore unnecessary to divide the construc- 
tion into separate sheets. 

2. The cross-lines in the end spans can be omitted, since 


all that is required are the distances to be laid off upon the © 


end verticals, and these when found can be laid off at once. 

3. We can apply the second equilibrium polygon directly 
in order to find the moments for the dead and moving load, 
Thus the transferring of ordinates from one Fig. to another is 
avoided. 
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4. It is evidently unnecessary to actually draw all the vari- 
ous lines. We need only to mark the different points of inter- 
section. 

5. The construction for dead and live loads can be per- 
formed at once, thus avoiding the necessity of a subsequent 
addition. 

107. Approximate Practical Constructions.—If the suc- 
cessive steps of the preceding development are carefully fol- 
lowed, the method will be found simple and easy of appli- 
cation. Indeed, the complete and accurate solution of the 
difficult problem of the continuous girder by a method purely 
graphical, is the most important extension of the system since 
the date of Culmann’s treatise, and well illustrates the power 
and practical value of the Graphical Method. 

Humber gives the following constructions, “which may‘be 
relied upon for safety without extravayance.”* As rapid 
means of obtaining approximate results, they may not be with- 
out value to the practical engineer, and we therefore append 
them here. It must be remembered that the constructions 
hold good onty for end spans three-fourths the length of the 
others. 

I. Beam of Uniform Strength, continuous over one 
Pier, forming two equal Spans, subject to a fixed Load 
uniformly distributed, and also to a moving Load, 
Maximum Moments.* Pl. 18, Fig. 73. 

The greatest moment at the pier (positive) will be when both 
spans are fully loaded. 

The greatest negative moment will obtain in the loaded span 
when the other span bears only the fixed load. 

(A moment is positive when the upper fibres or flanges are 
extended, negative when the upper flange is compressed.) 

Construction.—Let A BC be the beam. On AB draw the 


i : P 
parabola whose centre ordinate DE is (p +m) 9 and on 


: . pe 
BC the parabola whose centre ordinate GF is t~ 


At the pier B erect the perpendicular BH = or 
(2p +m)? 
12 f 


* “ Strains in Girders, calculated by Formulas and Diagrams,” Humber, 
New York: D. Van Nostrand, publisher. 


and make BL = Join AH, AL, and LC. 


. 
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Then the vertical distances between the parabolic are AEB 


and the lines AH and AL, the greatest being taken, will give 
_ the maximum moments—vpositive in the first case and negative 
in the last. The points of inflection approach as near the pier 
as K and recede as far as M. 


If rd is less than Cero the beam must be latched 


down at the abutments. The load comes on from the left; 
p and m are the loads per unit of length of the permanent or 
fixed and the moving or live loads. 

Shearing Forces (Pl. 18, Fig. 74).—The maximum shearing 
force at etther abutment will obtain when its span only sus- 
tains the moving load. The maximum shear at the centre pier 
will obtain when both spans are fully loaded. 


Construction.—Lay off AC = ti (4p+5m) and AD= 


Lp +m). At B lay off BF =twice AD. Take a point 


M distant $7 from A, and join D and F to M. Draw CN 


parallel to DM. Sketch in a curve similar to that dotted in 
the figure, giving an additional depth to the ordinates at the 


y) , : 
point of minimum shear of m=. Then the vertical ordinates 


between AB and COPF may be considered to give the 
maximum shearing force for either span. 

II, Beam as above—continuous over three or more 
Piers, /,= end spans, /= the other spans, 

Moments. 

The maximum moment (positive) will obtain when only the 
two adjacent spans, and every alternate span from them, are 
simultaneously loaded with the total load—the remaining spans 
sustaining only the fixed load. : 

The maximum moment at the centre of any span will obtain 
when it and the alternate spans from it are fully loaded—the 
remaining spans sustaining only the fixed load. 

Construction (Pl. 18, Fig. 75).—Let A BC be part of the 
beam. On BC draw the parabola whose centre ordinate EF 


smi (p+? and on AB the parabola whose centre ordi- 


nate op= tm i At. B aud.C make BH= OLS" 


7 
ye 
ab 
“2a 
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5(-2 +5). Join AH and L, Make Be=cs= 92" 


Join AG and S. The maximum vertical ordinates between 
the two parabolas and the lines AH, AG, HL, and GS, as * 


shown in the figure, give the maximum moments. 


The points I,K and O,P or M,N show the limits of devia- 
tion of the points of inflection. 
% 3 P 
If Be is Jess than La the beam will require to be 


held down at the abutments. 
If the beam be continuous for three spans only, 1 in the 


P (2 
expression for BH = 3 (2 7 = must have a value given to 
3 
a ae 
_ Shearing Forces. 


The maximum shear at any pier (B or C) will obtain simul- 
taneously with the maximum moment over that pier. 

Construction.—P1. 18, Fig. 76. 

Let ABC be part of the beam. First, for any inner span as 


lM. At Band C erect BG = OH = (2 at Make BD 


and C E each = A (p+m). Join D and E to midspan F, and 


draw G K and H K parallel to D F and F E respectively. 
Second, a either end span as a At B erect a perpen- 


dicular =” = ae p+m), which, if 2, = — 2% will coincide with B D, 
At Amake AL = : BD) Joii'D and L to Mdistant > 5h from A. 


ph 
er 327,’ and draw ON parallel toL M, 


Sketch in curves as shown by the dotted curves in the figure, 


giving additional depth to the ordinates there of a and a 


respectively. Then the vertical distances between O a 6 D and 
A B give the maximum shearing forces for either end span, and 
those between G c d H and B C, the shearing forces for the re- 
maining spans. 


Make A 0 =2 (p+m)— 
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If the beam be continuous for three eu only, BG and CH "a 


+ 16 m) / 
32 


must be made equal to ue? 
l+1, 


+s (2+ 2), where 


2 ce) . Further, the value given to B D for the inner span 


2 (p+m)— (p+m) = (p- +m) 2488 

108. Method by Resolution of Forces—Draw Spans,— 
The most usual cases of continuous girders which occur in prac- 
tice are draw or pivot spans, which when shut must be consid- 
ered as continuous girders of twospans. The graphical method 
becomes for such cases short and easy of application. In the 
ease of framed structures of this character, it may, however, be 
more satisfactory to first find the maximum shearing forces 
(Art. 104), and then follow the reactions thus obtained through 
the structure from end to end by the method of Arts. 8-13. 
As a check upon the accuracy of the work, we may apply the 
“method of sections” referred to in Art. 14. In either case 
we must, of course, start from an end support where only two 
pieces intersect and the moment is zero. 

Still again, we may find the reactions by calculation, and 
then apply the method of Arts. 8-13. In the case of two spans 
only, the formule for the reactions are sufficiently simple, and 
the ready and accurate determination of the strains offers, there- 
fore, no difficulty. . 

We shall give here, therefore, the analytical formule requi- — 
site for our purpose, referring the reader to treatises upon ne 
subject for their demonstration.* . 

Formule for Reactions,— Continuous Girder of two un- 
equal Spans,land ni, 1st. Concentrated weight P, in first 
span J, distant a from left end support. Reaction at left end 
support : 


P aa 
we ED og) a(R OO ny 
A ra ale 2 n)—(8+2 n) i+ 
Reaction at middle support : 


P 
B= 5 [(@n+1) —= |. 


* Bresse—La Flexion et la Resistance, and Cours de Mécanique Appliquée. 
Weyrauch—Theorie der Triiger. Collignon—Theorie Hlementaire des Poutres 
Droites, etc. Also Supplement to Chap. XIII 


¢ 
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Reaction at right support : 


5 a ee 
~ 2n (1+n) l 
2d. Uniformly distributed load extending to a distance 6 
from left support. Load per unit of length = p. 


(242 n)--(8+2 n) — 


= saa 37 tah 


B=" [@n ntl) ol 


TVET [-s7+ ad 


For two egual spans we have only to make »=1 in the 
above equations. For a uniform load over whole span 6 = /. 

From the above formulse we can find the reactions for any 
case, and then proceed as indicated above. 

109, By means of the graphical method, as we have now 
seen, we are enabled to solve completely the problem of the 
continuous girder, and that too without the aid of analytical 
formule, tables, or tedious computation. The method can also 
be applied to continuous girders of variable cross-section, or of 
uniform strength. We shall not, however, proceed further 
with the development of the method in this direction. The 
preceding will, we think, be found to contain all that is practi- 
eally serviceable. Jor the application of the method to girders 
of variable cross-section, we refer the reader to Winkler—“ Der 
Briickenbau,’ Wien, 1873—where will be found a thorough 
presentation of the subject,-both analytically and graphically, 
to which we are greatly indebted in the preparation of the 
preceding pages. Plates 17,19 and 20, are, with but few alter- 
ations, reproduced from that work. 


* These formule are demonstrated in Van Nostrand’s Hng. Mag., July 
1875. 


168 GRAPHIC AND ANALYTIC (omar, xm. 


CHAPTER XII. 


SONTINUOUS GIRDER (CONTINUED)—COMBINATION OF GRAPHICAL 
AND ANALYTICAL METHODS. 


110, In the present chapter we shall develop a method for 
the solution of continuous girders not purely graphical, but 
based upon the method of resolution of forces illustrated in 
Arts. 8-13, together with well-known analytical results, which 
method for accuracy, simplicity, and ease of application will, © 
we think, be found superior to any hitherto proposed. The 
method is, of course, applicable only to framed structures, but 
for such cases is the most satisfactory of any with which we are — 
acqnainted. 


iii. The Inflection Points being known, the Shearing 
Forces and Momeuts at the Supports can, by a simple 


construction, be easily determined,—1st. Loaded Span— 
Fig. 77, Pl. 21—Thus in the span B C =, let the distance of 
the weight P from the left support be a, and let 7 and 2’ be the 
distances of the inflection points from B and C respectively. 
Then if through any point P of the weight we draw lines, as 
P D, P E, through 7 and 7, intersecting the verticals at B andC 
in the points D and E, the vertical ordinates between these lines 
and BC will be proportional to the moments. For, as we see 
from the force polygon, the equilibrium polygon must consist 
of two lines as D P, P E, parallel to O'0 and O 1, and because 
of the moments at the ends, the closing line DE is shifted to 
BC (Art. 23). Since the moments at the points of inflection 
are zero, the ordinates to P D and P E to pole distance H will 
give the moments. Now the points of inflection being known, 
and P D and P E drawn, we can easily find the pole distance ~ 
Hand the shearing forces L.0 and 1 L by laying off P verti- 
_ eally, and drawing from its extremities lines parallel to PD ~ 
and P E intersecting in O. A perpendicular through O upon 
01 gives H and the reactions L 0and1L. In other words, 
we have simply to decompose P along P D and P E. 
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The construction, then, is simply as follows: Take any point 
on the direction of P, and draw P.D, PE through the points 
of inflection, Lay off P.to the scale of force as A P, and draw 
AO parallel to PE or PD. We have thus the pole distance 
H, and the shearing forces PH and HA at B and C. 

BD or CE to the scale of distance, multiplied by H to the 
seale of force, give the moments at B and C. That is, D and 
E may be regarded as the points of application for H. The 


forces along PD and PE considered as acting at these points 
are held in equilibrium by the reactions PH and HA=L0 


and 1L and H. Since H, acting as indicated in the figure 
with the lever arm BD or CB, causes tension in the upper 
fibres, the moments at B and C are positive. 

2d. Unloaded Span—Fig. 78, Pl. 21. 

As we have already seen in Art. 93, the inflection points in 


| the unloaded' spans are independent of the load, and are found 


by the simple construction there given for the “fied points.” 


Since each fixed point lies within the outer third of the span, 


we have in Fig. 78 the broken line a4 ¢, referred to in Art. 94, 


_ where the moments are alternately positive and negative, and 


increase from the end, so that any one is more than twice the 
preceding. Lines drawn parallel to these lines in the force 
polygon, cut off from the force line the reactions at the sup- 
ports. Thus, in Fig. 78, ¢d in the force polygon gives the 
reaction at D, ab the reaction at C, and if B were an end sup- 
port—that is, if 6a went through B—a H would be the re 
action at B. For the resultant shear at D, we should then have 
aH—ab+cb=He. So for any number of spans; the in- 
flection points in the loaded span being known, we can easily 
find the jied or inflection points in the other spans, which are 
independent of the load, and depend only on the length of 
these spans. Then draw the broken line ai¢Pd. Then find 
the pole distance H by laying off cP =P to scale, and draw- 
ing cO parallel to ¢P, and through the point O thus deter- 
mined drawing HO. Then find the reactions at the other 
supports, or the shear at any support, by lines in the force 
polygon parallel to ad, bc, ete. Thus the shear at B is the 
distance Ha cut off by H and Ow parallel to ad. Since the 
shear at D is plus and alternates from D, we have at B the 
shear + Ha. Theshear at Cis —Hd; atD, +He, ete. Oc 
being parallel to Pc; Oa, to ba; O83, to cd, ete, 


; 1 : i a 4 
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112, Inflection Verticals,—Draw a line from P through 
the support D, and through its intersection with cb drawa 
vertical 3 (Fig. 78). This vertical we call the inflection yer- 
tical. 4 

The equation of the line ¢d is 


s 


“2 
2 


git en 
Y=nt—at tt ™ 


where m=DO, nJ=CD,i=C%. The origin being at D. 
For the line ©, og 


ee ecsseet 
y¥= Fa ie! 


where 7, = D %,. 
If in this last equation we make w= a, we have for the or- 
dinate at P, . 


my (%4 — @) 
hy b] 
and hence for the line P D, 
__ 1m, (4, — a) 
+ i, a 
For the intersection of PD with dc then 
my _ 1m (4 — @) 
aise ee ee 
Hence : | 
= Hales 8 Oe i, 


We see at once that the value of w is independent of m, or 
DC, hence the intersection of PD and cb lies always in the 
same vertical, whatever be the position of PC. In other words, 
if the three sides of a triangle pass always through three fixed 
points (2, D, z,), and two of the angles (P and ¢) be always in 
the same verticals, the third angle must also always le im the 
same vertical. 

For the distance of the inflection vertical on the other side 
of the loaded span (beyond E), we have similarly 

ty ty (2 — a) 

: "= T=@) eta) — ah is 
where 7 is the loaded span and 7, the distance of the inflection 
point to the right of E. | 

Equations (1) and (2) give the distances of the inflection ver- 
ticals from the supports D and E, es 
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: 113. Beam fixed horizontally at both ends—Supports 

on level.—Consider the span D E (Fig. 78) as fixed at the sup- 
ports so that the tangent to the deflection curves at D and E is 
always horizontal. Conceive the span prolonged right and left 
beyond the supports a distance equal to the span 7, It is re- 
quired to find the position of the inflection verticals. 

From equation (1) of the preceding Art. we have, since 
n=1,4=0, 


and from equation (2), since 7; = /, 
Sat a, Lb (L— a) 
~ G-a +e) —le 


Now for a beam fixed at the ends the distances of the points 
of inflection are 


Oa L(z— a) 
4 T+ 2a 81-2 
Substituting these values in the equations above, we have 


and —%= 


c= — and = + That is, the position of the inflection 


verticals is in this case independent of the load, and always 
equal to . Srom the supports.* 


This remarkable property of the beam fixed at both ends 
enables us to find the inflection points by a construction similar 
to that for the jized points in the unloaded spans, as given in 
Art. 86. 

Thus we have simply to draw from C distant 7 from A (PI. 
21, Fig. 79) a line in any convenient direction, as C d intersect- 


ing the inflection vertical I, which is distant from A, 3 1, at @ 


Through @ and the fixed end support A draw a line to inter 
section with the weight P. Then draw P06. The intersection 
4, of this last line with A B is the inflection point. A similar 
construction gives %. 

We can now find the reactions and moments. Thus H O to 


* This important result, which renders possible a complete graphical solution 
of this case, has, so far as we are aware, never before been published. 
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the scale of force, multiplied by A 4 to the scale of distance, 
gives the moment at A, while H G is the reaction at A (Fig. 79). 

114, Beam fixed at both ends—Example.—Since when 
the points of inflection are once determined, we may draw Pb 
or P ¢ at any inclination (Fig. 79), provided we afterwards find 
the corresponding pole distance HO; if Ab or Be be made 
equal to the height of the truss, H O will be the strain in the 
upper or lower flange at the wall (the flange in question being 
always that for which there is no diagonal at its union with the 
wall). Thus in Pl. 21, Fig. 80, we lay off DE =, draw the 


1 
vertical I at 3 2 from D, and for the given position of the load 


P find the inflection point 7 by the preceding Art. A similar 
construction on the other side gives %. Now laying off P M 
equal by scale to the weight P, and decomposing it along P D 
and P C, we find O H the pole distance which to the scale of 
force will give directly the strain in the lower flange B m at 
the wall, provided P D is made to pass through the intersection 
of the upper flange with the wall. If the triangulation were 
reversed, O H would be the strain in the wpper flange at the 
wall. In any case it is the strain in that flange at whose june- 
tion with the wall there is no diagonal. 

The reaction at D is also H M, at Cit is PH. Lay off then 
BB’ in Fig. 80 (a) equal to P M, and make B A = H M and 
AB’=PH. Now draw mB parallel to O H and m A paral- 
lel to O M, and produce both lines to intersection at m. Then 
m B to scale of force is evidently the strain in the lower end 
jlange at the wall. We assume the following notation.* 

Let A represent all the space above the girder, B all the space 
below, and a b cd, etc., the spaces within the girder included 
by the flanges and diagonals. Then, for instance, A 6 is the first 
upper flange at the left, B a the first below; a 6 the first diag- 
onal at the left, and so on. 

Now draw in Fig. 80 (a), m7 and AZ parallel to the corre- 
sponding lines in the frame, and we have at once the strains in 
these pieces to scale. Following round the triangle according 
to our rule (Arts. 8-13) from m to A, A tod and / to m, we 


* See an excellent little treatise on ‘‘ Zeonomics of Construction in Relation 
to Framed Structures,” by R. H. Bow, to whom this method of notation is 


due. 
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find A Z tension and 1 m, tension. [The strains in the upper 
flanges must always be tension, since the moments at the sup-. 
ports for loaded span are-always positive.] Moreover, the Fig. 
thus far shows that A /,/m and m B are in equilibrium with 
the shear B A = H M, as evidently should be the case; hence 
the strain in B m is compressive. : 

We have thus the strains in the three pieces at the right, and 
can proceed from these to find all the others. Thus the strains 
in B& and £2 are in equilibrium with mZand Bm. Lines 
parallel toBkand &l, therefore, which close the polygon com- 
menced by B m and m/, giye us the strains in B# and £7. 
- Observe that the line 2% crosses A B, thereby making B % op 
posite in direction, consequently in strain from Bm. This may 
also be seen by following round the triangle m/% B, remem 
bering that, as m / is always found to be in tension, it must act 
away from the new apex, that is, from m tol. We thus find 
% 1 in compression, and & B acting away from this apex, or in 
tension, therefore of opposite strain from the preceding flange 
B m, which, as we have seen, is in compression. The reason is 
obvious. The inflection point 2 falls in the flangeB%. If the 
beam were solid, the strain at 2, would be zero; to the right of 
2, we should have compression, to the left, tension. In the 
Jramed structure the strains can only change at the vertices. 
The crossing of A B by / & indicates such change, and B.& gives 
its amount by scale. 

Now taking the upper apex, we have here AZ and 7A#in 
equilibrium with £4 and Af. As we already know, £7 is in 
compression. We must, therefore, now take it acting from % to 
Z,and following round the triangle we find A h compression, 
and 4 tension. From h on, the traverses between A / and 
B& produced towards the right [Fig. 80 (a)] will give the di- 
agonals, while the upper and lower flanges will be given by the 


* . distances to them from A and B respectively, wntil we arrive 


at the weight P. Observe the influence of the weight. We 
have & A and B & in equilibrium with A g and g B, and also the 
weight P =B' B. We must take, therefore, A B’ = P H, and 
then draw Agand B’g. Distances to the right of B’ along 
B’ g are compressive lower flanges, to the left, tensile; while to 
the right of A we have compressive upper, and to the left of A 
tensile upper flanges. The two diagonals at the weight 4 hand 
hg are in tension. From / g on, the diagonals are alternately 


’ 
174 GRAPHIO AND ANALYTIO [OHAP. XI, 


tension and compression. Moreover, the diagonal ed passes 
through A, that is A dis zero. The weight P causes no strain 
in Ad, and for this one position of P, A d might be omitted 
from the structure. The reason is again obvious. The point 
of inflection 2, coincides with the apex under Ad. Since at 
4, the moment of rupture is zero, if the flange Ad were cut 
there would be no tendency to motion. We have at ¢, the 
shearing force only, A B’ giving the strains in the diagonal 
edanddc. The upper flange A 0’, we see again, is in tension, 
which is also shown by its lyi ing to the left of A. 

Thus we have the strains in every piece by a very simple 
construction for any position of P, without any calculation what- 
ever. The method in this case is purely graphical. We have 
only to find the points of inflection and then proceed as above. 

Fig. 80 (5) gives the strains for the same girder and position 
of weight P, merely supported at the ends. For this case P D 
in Fig. 80 not only passes through D, but P O also passes through 
the upper left-hand corner at C. Hence A B will be Zess than 
H M, and AB’ creater than P 1. Moreover, the end lower 
flanges Ba and B m no longer act, and must be removed. 
Starting now with the reaction B’ A [Fig. 80 (4)], we go along 
to the weight, from which point at h £ we go back towards the 
force line, and the reactions are such that the last diagonal 
must pass exactly through B, just as in Fig. (a) ed passed 
through A, because the points of inflection or zero moments are 
now at the ends C and D. A careful comparison and study of 
the two cases and their points of difference will be advanta- 
geous to the reader. 

115, Counterbracing.—The objection may arise that the 
above method applies only to a system of bracing such as rep- 
resented in the Fig., where the diagonals take Both compres- 
sive and tensile strains. In case, as in the Howe or Pratt Truss, 
for instance, we had vertical pieces as also éwo diagonals in 
each panel, then the strain in any diagonal as m / and flange as 
Bm, even if found, are apparently in equilibrium with three 
pieces, viz., 4 7,B% and a vertical strut or tie at the intersec- 
tion of these pieces. Hence, having only two known strains ~ 
and three to be determined, the method would seem to fail, as 
any number of polygons may be constructed with sides par- 
allel to the forces, and hence the problem is indeterminate 
(Art. 9). 


| 
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Now in any framed structure of the above kind, the counter 


‘ties are inserted to prevent the deforming action of the rolling 


load only. For the dead load but one system of triangulation 
is required, and the strains in every piece due to this dead load 
can therefore easily be determined. - 

We have then only to determine the strains in the same preces 
due to the rolling load also. If now in any diagonal the strain 
due to this rolling load exceeds the constant strain due to the 
dead load, and is of opposite character, and if the diagonal 7s 
to be so constructed as to take but one kind of stra, then a 
counter diagonal must be inserted in that panel, and propor- 
tioned to this excess of strain only. For instance, if a diagonal 
takes only the compressive strain (a condition which is easily 
secured in practice) due to the dead load, and the live load 
would cause in that diagonal a tensile strain, then the excess of 
this tensile strain over the constant compressive strain due to 
the dead load must be resisted by a counter diagonal, which 
also takes compressive strain only. The method is precisely 
the same as by calculation (see Stoney and other authors on 
the subject), and we only notice the point here, as in all our 


- examples we have taken a single system of triangulation only— 


a system which, we may here remark in passing, has many ad- 
vantages, and is worthy of more general attention * than it has 
hitherto obtained. 

[See also on this point Art. 10 of Appendix. ] 

116. Beam fixed horizontally at one end, supported at 
the other—Supports on Level.—In this case, equation (1), 
Art. 112, becomes for left end fixed, since m = 1, 2 = 0,7=0, 


fs 4,a1 
— G—al-qa 
But for this case the distance of the point of inflection from 
the fixed end is 


»  (2l-a)la. 
4= Giaatae! 


* See ‘' A Treatise on Bracing.” By R. H. Bow. D. Van Nostrand, pub- 
lisher. 

+ The values of the distance of the inflection points which we assume above 
as known, may easily be deduced by the theory of elasticity. See Supplement 
to Chap. VII., Arts. 16 and 19. See Wood, Strength of Materials ; Bresse, 
Mécanique Appliquée ; or other treatises on the subject. 


Le Ae > 
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Inserting this value of ¢, in the value for # above, we have | 
1 (2 l—a) 
c= — 
5 l—a 


for the distance of the inflection vertical to the left of the left- 
hand support, which is supposed fixed. 

Now this is the equation of an hyperbola, as shown in Pl, 21, 
Fig. 81, whose vertex is at,7, the distance Af being 2 J, whoae 
assymptotes are respectively parallel and perpendicular to the 
span, the perpendicular distance of E above the span A B be- 


ing : 2, and which intersects A B at : Zfrom A. The ordinate 


de, Ad being equal to J, is ; 7. The diameter passes through 


E and f, and E / is, therefore, the semi-transverse axis. The 
hyperbola can, therefore, be easily constructed. We need only 
to construct that portion between A B and the point e. 3 

The construction for the point of inflection 7%, is, therefore, 
simply as follows : 

Lay off A’ vertically upwards and equal to the distance of 
the weight P from A, and draw the horizontal / } to intersection 
b with the curve. Now make Aa =/ and draw a6 to inter- 
section ¢. Draw 6A to intersection P with weight, and then 
Pc intersects AB at the point of inflection ¢,. Decomposing 
P along PB and Pe, as in Art. 114, we have at once the 7é- 
actions at A and B. Here also we see that, by a construction 
purely graphic and abundantly exact, we can find the inflection 
point and the reactions. 

The method detailed in Art. 114 can then be applied to de- 
termine the various strains in the different pieces. It is un- 
necessary to give an example, as the process is precisely similar. 
We have simply in this case to start with the reaction at the 
free end B and follow it through. Observe only that, as this 
reaction must be less than for a girder with free ends for the 
same position of P, the point A will lie nearer the force line 
B AB (Fig. 80, 5), hence 2m will not pass exactly through B, 
but will lie to the right of it, giving thus a reversal of strain in 
the flanges, as by reason of the inflection point should be the 
case. 

Instead of constructing the hyperbola, we may calculate its 
ordinates from the equation for # above, for different values 
of a. 


i i te, he 
‘ 


oz 
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Thus, for 
a=0 a=t1 a= a= #1 a=l 


e=—0.41 x=—0.3882 e=—0.8757 w=—0.8571 a= —0.3331 


This will be sufficient to construct the curve in any given 
case. The inflection vertical moves, therefore, between the 
narrow limits of # = 27 and « = 4/, or within #;th of the span, 


as the load passes from A to B. 


Inasmuch as all that is needed for the determination of the 
strains in the various pieces are the reactions at the supports, 
and (for girder fixed at both ends) the moments at the supports 
also, and as the formule for the two cases above are very sim- 
ple, we may determine these quantities at once by interpolation 
of the given distance of the weight P in the formule, and then 
apply the graphical method for the strains, as illustrated in 
Art. 114. | 

Thus, for a horizontal beam fined at both ends, we have for 
the moment at the left support A, 


P 
M, =~ (0-4) 
At the right support B, 
Pa 
=p ¢— 4) 


For the reaction at the left, 

Bag +(e — 8 a@1+ 24%), 
For the reaction at the right, 

R,= 5 (Bal— 24%), 


In the case of a horizontal beam fixed at left end and merely 
~esting upon the right support, we have 


M, = =, (8@1— 2a? — a) M, = 0, 


P a? 
R,= 52? — 802+ a), R, = yp (8—a), 


@ being always the distance of the weight P from the left. 
These formule are simple, and easily applied to any case. 

We may also observe that in Figs. 79 and 81 the ordinates to 
the lines Pd, Pc, and Pc, PB, from AB, are proportional to 
the moments (Art. 110). These ordinates to the scale of dis- 
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tance, multip ied by the pole distance to scale of force, give the | a | 
moments at any point. Our construction, therefore, gives the — 
moments also at every point, and we may thus check the re- & 
sults obtained by Art. 114 by the results obtained by the 
method of moments. MW * 
117. Approximate Construction.—It will be readily seen - — 
that the portion of the hyperbola in Fig. 81, Pl. 21, needed for 
our construction, is nearly straight. In most cases it willbe 
practically exact enough to lay off 37 to the left of A,and 42. 
also to the left of A at a vertical distance equal to Z,and join 
the two points thus obtained by a straight line. This line can 
be taken instead of the curve, and the construction is then the 
same as above. The error due to thus considering the curve — 
as a straight line is greatest for a weight in the middle of the 
span, where it does not exceed z};th of the span for the posi- 
tion of the ijlection vertical, and diminishes from the centre 
both ways. . 
118. Girder continuous over three Level Supports— 
Draw Spans.—This case is perhaps of the most frequent 
practical occurrence, and an accurate and simple method of 
solution is therefore very desirable. a 
In the first place, the formule for the reactions are very __ 
simple and easy of application. Thus, for left end support A, 
the load being in the second span, or to the right of the sara Pe .. 
support B, ; 


id 
R, = 7p 8Bel— 2aP— a’); 
for the reaction at middle support, 
R,= 5507 + &—3a)); 
for reaction at right end C, 
me: 


where @ is always the distance of the weight P from the mid- 
dle support.* We are therefore already in a position to solve 
completely the case under consideration. We have only to 


* As already remarked, the development of the formule assumed inthis __ 
chapter must be sought for in special treatises on the subject. We assume 
them as known, and then apply them graphically as above. 

See also Supplement to Chap. XIIL 
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find the reactions and follow them through by the method of 
Art. 114. 

From the above reactions we can, however, easily determine 
the distance of the mflection point. This will, of course, be 
found only in the loaded span, at a distance from the middle 
support. 

5 teQ@l—a |. 
“40 +2al—-a 


‘We can find the values of # corresponding to different values 
of a, and thus plot the curve for the inflection points. Thus, 
for 

a=0 ae= 41 a= 41 a=il -a=l1 
2=0° @w@=7Al @w@=f e@=fFl w= Hl. 

This curve being drawn for any particular case, we can 
easily find the position of the inflection point for any given 
value of a, and hence the reactions, and then find the strains in 
the various pieces. 

Thus, in Pl. 21, Fig. 82, the curve Bed being drawn, we 
can at once find the inflection point ¢ for any position @ of 
the weight P. We have simply to make Bd = a and draw be. 


4. 


_ be is the distance of the point of inflection from B. We can 


now, as explained above, draw any line as Pz, and then PC 
and Ah. The ordinates to the broken line Ah PC from AC, 
to the scale of distance, multiplied by the pole distance H to 
scale of force, will give the moments at any point. Moreover, 
HE is the shear at B. Ea is the reaction at B, Ha the re- 
action at A, and HP the reaction at C. The reactions at B 
and C are, of course, positive or wpwards, that at A negative 
or downwards. Hence Ea—Ha + HP =P, as should be. 
The value of « for the inflection vertical is by Art. 112 
te taal 


etany (Yenr sy reg 


or, substituting the value of ¢ above, 


__al(2l—a) 
2P?+5al—22 a" 


Since, therefore, in this case the value of is no simpler than 
that for 7 given above, it will be preferable to plot the first 
curve directly as represented in Fig. 82. 

119. Approximate Construction.—In practice it will be 


c= 


x. 1 dem? 7 on = 
9 of A : Foy aa) 3 a 
— a 
<— 
. ie 
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found abundantly accurate to assume the curve for ¢ between ‘om 
the required limits, as a parabola whose equation is¢=a= 


aon am) The greatest error for a = : will then be about — 4 


os of the span, and decreases both ways toa=o0 anda= . 


From a = : toa=T1 the parabola coincides closely with the 


~ 


true curve. The difference for a= ais only ne: and we 


have, therefore, a very simple practical construction for both — 
reactions and moments. We have only (Fig. 82) to erect a — 
vertical at the centre support B and make it equal to J, and 
then construct a parabola passing through B whose ordinate 


cad= : 1. The horizontal ordinates to this: parabola for any 


vertical value of a, give the distance out from B of the inflection 
points. For the load in first span A B, of course this parabola 
lies on the other side of B ¢, and 0 ¢ is laid off to the left. The 
remainder of the construction is as in Art. 118 for the reactions 
and moments. When great accuracy is required, we can find 
the reactions from the equations of Art. 118, In any case, the 
reactions being given, we can follow them through the structure 4 
by the method of Art. 114, and thus determine the strains in = 
every piece due to every position of each apex load. A tabu- 
lation of these strains will then give by inspection the maximum _ 
strain in any piece due to the live load. -AlZ the weights taken | 
as acting simultaneously will then give the strains due to uni- 

form total live load. The strains due to dead load will be 

multiples or sub-multiples of these. Thus if total live load . 
causes, say, 100 tons compression in a certain piece, and if the 


dead load ts ; of the live load,(then.awe éhall bave : of 100 =. 


150 tons compression in the same piece due to the dead load — 
alone. If now the live load causes a maximum ¢ension in the 
same piece of 200 tons, then the piece must be made to. resist 
both tensile strain of 200 —150=50 tons and compressive 
strain of 150 + 100 = 250 tons. Ifa diagonal, the cownter tie = 
is strained 50 tons, while the maximum strain on the diagonal — 


ae, so 
e 
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is 250 tons compression. It is only necessary, therefc re, to find 
the strains due. to each weight of the live load. From the 
tabulation we can, then, by means of the ratio of the dead te 
live load, find the strains due to dead load alone, and then by 
a comparison of the two find the maximum compressive and 
tensile strains. If the maximum strains due to live load are of 
opposite kind, but Zess than the constant strains due to dead 
load, we shall need no counterbracing. The’ resultant strains 
will then always be of the character given by the dead load. 
If greater, we must counterbrace accordingly. The process is 
the same as by the methods of calculation, and the reader may 
refer to Stoney—Theory of Strains-—for illustrations. 

120, The ‘‘ Tipper,” or Pivot Draw, with secondary cen- 
tral Span.—We have said that a pivot draw may be considered 
as a beam continuous over three supports. In practical con- 


; struction this statement needs some modifications which deserve 


special notice. Thus practically that portion of the beam over 
the central support forms a shert secondary span D D [Fig. 83, 
Pl. 22] the reactions at the supports D and D being always 
equal and of the same character. Ifa weight acts, say, on the 
first span A B, and the beam itself is considered without weight, 
the end C must be held down, that is, the reaction there is neg- 
ative. Now as the weight P deflects the span A B (Fig. 88), it 
causes one secondary support D to sink, and the other to rise 
an equal amount. In practice D and D may be the extremities 
of the turn-table, and the reactions are then evidently different 
from those given by the formule of Art. 118. 

If in this case we take a as the distance of the weight P from 
the left support A, the reaction for load in A B will be given 
by the following formule: 

a@ — 

1 ce . 
from the left support A (for load in the span A D), 7 = span, 
A D=D C, and nm /=span D D, and where the constant 
(4+ 8n+ 8 nv’) is put for convenience = H, ther. 


Where the ratio k, a being the distance of the weight P 


R= [2m cotton +3 nye a+ ne 


B,=R, =P [0490+ 3092-042 | 


* See Supplement to Chap. XIII., Art. 6. 
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R= FE [e+ne—ersnsoaye | 


These reactions, it will be observed, when added together 
R, + 2 R, + R, are equal to P, as should be the case. 

By the application of these formule, which are for any par- 
ticular case by no means intricate, we can find the reactions at 
A and C as also at D or D; and then starting, say, from A, can 
follow the reaction there through the frame by the method of 
Art. 114. A negative reaction indicates that the support tends 
to 72se, and unless more than counterbalanced by the positive 
reaction due to uniform load, the end where this negative reac- 
tion occurs must be latched down. 

121. Supports in Pivot Span are not ona level—Reac- 
tions for live load, however, are the same as for level sup- 
ports,—The three supports of a pivot span should no¢ be on a 
level. It is evident that if this were the case, the first time the 
draw is opened the two cantilevers deflect and it would be diffi- 
cult to shut it again. The centre support should therefore be 
raised until the reactions at the end supports are zero, that is, 
until they just bear. The centre support is then raised by an 
amount equal to the deflection of the beam when open, due to 
the dead load. Even when shut, then, there are no reactions at 
the end supports except when the moving load comes on. Now 
this being the condition of things, it may seem strange to assert 
that these reactions are precisely the same as for three level sup- 
ports, and yet such is the fact. If the beam originally straight 
were held down at the lower ends by negative reactions, then 


the reactions would have to be investigated for supports out of 


level, and a load would diminish these negative reactions, or 
might even cause them to become positive. But such is not 
the state of things. The end reactions are in the beginning 
zero, and any load gives, therefore, at once positive reaction at 
its end support. This positive reaction is just what it woula 
be for the same beam over three level swpports. 

An analytical discussion of the case would be out of place 
here, but assuming the expression to which such a discussion 
would lead us, we may show that this is so. 

Thus, for a beam over three supports A, B, and C, no¢ on a 
level, c, being the distance of A below B, and @ the distance 
of C below B, the modulus of elasticity being E and the mo- 
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ment of inertia I, we have for the moment at the centre sup- 
port B due to any number of weights in both spans, 


4M, f= '— fat] 6 EI- > sPa(—a) (2 +a) 


—5=Pa(t—a) (22 — a),* 
@ being always measured from the left support. 

Now in this expression the last two terms are precisely the 
same as for supports on a level; the influence of the different 
levels is contained in the first term on the right only. Now by 
the supposition, ¢, and ¢ must be taken equal to the deflection 
due to the dead load, and the value of this term will therefore 
be entirely independent of the live load, which enters only in 
the last two terms. 

A particular case may perhaps render this plainer. If a 
girder of two equal. spans over three level supports is uni- 
formly loaded, the reaction at an end support is, as is well 
known, ths of the load on one span. 

Now let us take the girder over three supports noé on a level, 
and from our formula above find the reaction at one end due 
to uniform load when ¢ and c have the proper values given 
to them. First the dead load p/ over each span causes a de- 


. i ; 
flection at each end of the two cantilevers = 4 ot This, 


then, is the value for ¢, and c in the formula. Now let us 
take an additional moving load of m7 over the whole beam, 
and with this value of ¢,, ¢ find the reaction. We have from 
our formula 


4M,/= —3pP—4(p+m)Bh, 
or M,=—tpP—itmP. 
Now we have by moments, 


P 
R, x L—(pt+tm)5=+M,; 


hence, inserting the value of M, above, 
R, = 3 m l. 


* Theorie der Trager: Weyrauch, Also Supplement to Chap. XIII., Art. 8, 
+Supplement to Chap. VIL., Art. 13. 
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That is, the reaction at A is due to the moving load alone, 
as evidently should be the case, and is, moreover, just what a 
should be for a girder with level supports ; viz, %ml. (See 
also Appendix, Art. 18, Ex. 5:) 

The raising of the centre support, then, will not affect our 
construction for the reactions as given in Figs, 81 and 82, pro- 
vided there are only three supports. 

We have deemed it well thus to call special attention to the 
considerations of the last two articles, both on account of their 
practical importance and because they are not brought out 
clearly, nor indeed, so far as we are aware, even alluded to in 
any treatise upon the subject.* 

122. Beam continuous over four Level Supports,— We 
thus see that a draw or pivot span is more properly considered 
as a beam of ¢hree spans instead of two, of which the centre — 
span is yery small compared to the end spans; it may be only 
two or three panels long. Moreover, we must often in practice 
_ consider the beam as a “tipper,” and therefore apply the formuls 
for reactions of Art.120. If, however, by reason of the method 
of construction, as often happens, for instance, by the under ~ 
portion of the beam coming in contact with the frame below, 
this tipping of D D (Fig. 83) is confined between certain limits, 
beyond which the supports must be considered jixed, it will be 
necessary to find the reactions as for a beam over four fixed 
supports, and deterniine the corresponding strains in this case 
also. | 

Comparing, then, the strains obtained each way, we take only 3 
the maximum strains from each. : a, 

The formule for the reactions at the fiwed supports ABCD 
are as follows (Pl. 22, Fig. 84): M 

1st. Load P in left end span AB ata distance a from left 
support A, the end spans being 7/ and the centre span BC=/, 


| > or ot 


_ = 


We put & =—, and H=84+8n+47' Then 


< 


R= [ z-r+2nts n®) k+(2n+2 n*) | 


* Clemens Herschel, in his treatise upon ‘* Continuous, Revolving Draw- 
bridges” (Little, Brown & Co., Boston, 1875), notices this fact for the first 
time. ’ 
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P 
R= [ ex10 +9 n? +2 n8)k—-(2n+5 n? +2 n') e| 


i [ —(n+3 n?+2 n°) k+(n+3 xanye | 


These reactions add up, as they should, equal to P. 

In practical cases of pivot spans, we have only to consider the 
the outer spans; as a load in the middle span BC=7 rests 
directly upon the turn-table. The above formule are then all 
we need. For a load in the right end span the same formuls 
hold good, only remembering to put now R, in place of R,, 
R, in place of R,, R, in place of R,, and R, in place of R,. 

If, however, neglecting the particular case of pivot spans, we 
suppose the middle span BC = loaded, we have—a being 


now the distance of P from B, and & being now - instead 
f 
nP 
2d. Load in BC, 


of 


as above, H remaining the same. 


R= [ -e+4» k+6 (n+1) H—(3+2n) 2 | 
R= nH + (3+4n—6n?—4n*) k—-(64+15 n+6n’)#? +H | 
Ro=-4 [ ons entra k+(3+9n+6n*) P—-H | 


Pp 
= | -2 k—3 H+ (3+2n) | 


These reactions should also add up to P, as is the case. The 
number ” may be taken at pleasure, so that the end spans may 
be as much larger or less than the centre spans as is desired. 

H, P and the quantities in the parentheses, it will be observed, 
are for any given case, constants which may be determined and 
inserted once for all. 

We have, then, only to insert the values of % for different 
positions of the load P.- Thus the equations for any particular 
case are very simple and easy of application. 
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123. Construction,— We may, if desired, apply our method 
of construction to the determination of the reactions. Thus 
from the above reactions we may easily determine general ex- 
pressions for the inflection points. For the case of a load in 
CD=nl (Pl. 22, Fig. 85), we have, when ¢ is the distance of ’ 
the inflection point from C, 


—R, x nl—1) + P(a@—2) =0; 


Pa— 4 

whence i= = = das hd ’ 
For the inflection point distant ¢ from B in the unloaded og 
span, “a 
R, (nl +7) —R,7=0; sz 

Ryal Z a 

hence sd: EN Be % 


For the second case of load in B C = 2, we have for the 4 in- ; 

flection point between B and P oe 
— R, (n/+7)+R, + =0, or: 
R, al 
R,—R, 
For the point between P and C 
— R, (n1+72)+R, += 0, or 

R, 27 en 
R—R, 

The insertion of the proper values of the reactions foreach 
case, as given above, will easily give general expressions for the 
inflection points, which the reader may, if desired, deduce for a 
himself. ak 

Our construction is, then, as follows [Pl]. 22, Fig. 84] : - 

1st Case. Load in C D. 

Having found @, draw a line at any inclination, as ¢, d through pee! 
2, intersecting P at d, and the vertical deouah C at ¢,. Then a 
lay off Bz and draw d D, ¢, b and b A. a 

Make d ¢ = P by scale, and ¢ D drawn parallel to ¢,.d@ then 
gives the pole distance H. The ordinates, then, to the broken 
line A 6¢,dD taken to scale of distance, multiplied by H to 
scale of force, give the moments at every point. Moreover, H d 
is the reaction at D. Draw Dd parallel toc, d, then cd is the 
reaction at C. In like manner @ 4 is the reaction at B, and Ha 
the reaction at A. The moment at C, and reactions at C and 


i= 


> 


i= 


PAS et en 
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D, are positive. Reaction and moment at B negative ; reaction 
at A positive; as a little consideration of what the curve of the 
deflected beam’ must be, will show. The shear at C is, there- 
fore. +Ha—ab+bc=+He The shear at Bis —H 6 or 


+H a—abd, andsoon. The shear being always given by the 


segment between H and lines parallel to A b, dq, ¢, d and d D. 
2d Case.—P1. 22, Fig. 85.—Load in B C. 
Having found the distance B ¢, from the equation for this dis- 
tance of the point of inflection above, we lay off Ba =B%, 


and thus draw ¢ E at an angle of 45°. Finding then the value 


of Cz, from its equation above, we can draw E «and then 
@Dand¢,A. The construction is then the same as before. 
Thus H is the pole distance,H c the negative reaction at D, 


_H 6 the negative reaction at A, and ¢ 6,¢ E the positive re- 


actions at Band C. The shearatBis H«,etc. Thus the outer 
forces are completely known for a weight at any point. It will, 
however, in general, in practice, be found more satisfactory to 
use the formulee. for the reactions which we have given than to 


find these reactions by the above construction. 


We shall now illustrate the preceding principles by an exam- 
ple taken from actual practice. 

124, Draw Span—Example.—In PI. 22, Fig. 86, we have 
given to a scale of 20 ft. to an inch the elevation of one of the 
trusses of the pivot draw over the Quinnipiac River at Fair 
Haven, Conn.* 

Length of span A B= 89.88 ft. BC = 21.666 ft., divided 
into seven panels of 12.84 ft. and two of 10.833 ft. respectively. 

Height at B and C, 16 ft.; at A and D, 12.1 ft.. Diagonal 
bracing as shown in Fig. Line load 9 tons per panel. 

21.666 
89.88 


of Art. 120 become 
3 
A=P (1—1.1298 2 | 0.1836 ) 


In this case n = or 2 = 0.24106, hence the equations 


i E 
‘ 3 
B—C=P (0.6836 70.1836 >) 


* Designed and erected by Clemens Herschel, C.E., and probably the only 
structure of the kind in this country for which the strains have been accu- 
rately and thoroughly determined. For the above data I am indebted to M, 
Merriman, assistant engineer in charge, 
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i te (0.2874 $—0.1836 =} 


B 
ae She, ete., according to the position of the 


1 8 
343” 343’ 348, 
etc. The above equations for the reactions, then, may be 
written A =P (1—0.1614 6+0.000535 3°), 

B= C = P (0.09766 —0.000535 8°), ee 
= —P (0.03391 b—0.000535 2), — 
a 


a. 
Now pep pp a 


8 
weight at Ist, 2d, 3d apexfromend. So also is 


where 0 has the values 1, 2, 3, 4, etc., for P,, P., Ps, Py. 

Thus, if we wish the reactions due to a weight P, of 9 tons at 
the fourth apex, as shown in Fig., we have only to make P = 9 ; 
aud 6= 4, and we find at once A = 3.498 tons, B= C= rr 


3.207 tons, D-= —0.912 tons. The sum of all these reactions a 
exactly equals P, as should be. % 

The middle supports are supposed raised by an amount equal - 
to the end deflections of the open draw, therefore the strains 3 


due to dead load are easily found, as in the “ braced semi-arch,” 
Art. 9. 

The reactions due to live load, according to Art. 121, will not & 
be affected by this raising of the supports. 

To find the strains due to P,, we draw the force line E, F . 
[Fig. 86 (a)] by laying off Py = 9 tons down from F to F,, then , 
F, E, downwards equal to the negative reaction at LD, viz., : 4 
—0.912 tons. Then from E, lay off wpwards EB, BE, = to positive iu 
reaction at C =+3.207 tons. Then E, E = reaction at B= j 
+3.207 tons, aud finally BE F equal to reaction at A =+8.498 b 
tons, which should bring us back exactly to point of beginning 
F, since the reactions and the weight P must be in equilibrium. 
[ Wote.—When we wish to begin at the left end of the frame, 
it is best, as in this case, to lay off the reactions in order, com- 
mencing at the right.]| | We have taken the scale of force 4 
tons per inch. 

The weight P, acts upon the triangulation drawn full in the 
figure. Using now the notation of Art. 114, and representing 
all the space above the truss by 5, all below by F, we have at 
A the reaction E F [Fig. 86 (a)] in equilibrium with Eland 
F 1, and drawing parallels to these lines from E and F, we find 
the strain in F 1 = 3.54 tons tension, and E.1 = 5.1 compression. 


6s Aes, 
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So we go through the truss and find the strains in every 
piece. Heavy lines in the strain diagram denote compression. 
We see at once that for this position of the weight, ad the 
upper flanges in span A B are compressed, the last lower flange 
F 7 is also compressed, and all the other lower flanges are in 
tension. At the point of application of the weight P,, the two 
diagonals 84 and 45 are in tension, and either side they alter- 
nate in strain as faras C or diagonal 89. Diagonals 8 9 and 910 
are both tension, and then the strains alternate to support D. 
All the upper flanges of the right half are tension and increase 
towards the middle. All the lower are compression and like- 
wise increase towards the middle. 

If we go through the whole truss from A to D, the last diago- 
nal 15, 16 should evidently pass exactly through Ey, thus check- 
éng the accuracy of the construction. The diagonal 6 7 crosses 
the force line, thus causing the strain in the lower flange to 
change from tension in F,5 to compression in F,7. The point 
of inflection, therefore, falls to the right of diagonal 5 6. 

The reaction at B diminishes greatly the strain which would 
otherwise take effect in 7 8 aud E 8; while the reaction at C 
reverses the strain which would otherwise take effect in 9 10 


and diminishes E 10. We recommend the reader to follow 


through carefully the strain diagram, Fig. 86 (a). 

A series of figures similar to Fig. 86 (a) (in the present case 
seven separate figures) will give completely the strains due to 
the rolling load. A table may then be drawn up containing 
the strains due to dead load, and the maximum strains due to 
live load in every piece, and the total maximum tension and 
compression in every piece may then be found. [Compare 
Art. 12, Fig. 7.) 

For the supports jized, instead of B and C tipping, the pro- 
cess is precisely similar, except that we have to make use of 
the formule of Art. 12%. The reaction at A will then be 
somewhat /ess than in the present case; the inflection point is 
therefore found further from the right support B; it may be 
even to the deft of diagonal 5 6, in which case (see Fig. 86, a) 
we should have tension in upper flange E6. The reaction at 
B would then be still positive, but greater than EE,, while C 
would be negatwe and no longer equal to B, and D would be 
positwe. Weshould thus have 78 tension and E8 tension; 
F' 7, as before, compression, 8 9 compression, and 910 com- 
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pression, and E10 compression; while F 9 would be tension. 
From 910 to the right the diagonals would alternate in strain, 
the compressed upper flanges, as also the tensile lower flanges, 
would diminish towards D, and the last diagonal should pass 
exactly through new position of F,, thus.closing the strain 
diagram and checking the work. The reader will do well to 
construct the diagram. 


The strains should be found for do¢/ cases, and the maximum > 


strains taken from each, which, compared with the permanent 
strains due to the dead load, will give the total maximum 
strains. 


We have taken for convenience of size too small a scale for 


the frame to ensure good results. With a large and accurately 
constructed frame diagram, dealing as we do with only single 
weights, and consequently small strains, the above force scale 
of 4 tons per inch would give very accurate results. ° 

If the strains due to uniform load (no end reactions) are 
found by addition of the strains for each apex load diagramed 
separately, the same scale may be employed; but if all the 
loads are taken as acting together (Fig. 5, 6), a smaller scale 
for strains will have to be adopted, as the force line will other- 
wise be too long. [See Art. 16 of Appendix for the method of 
calculation. ] | 

125. Method of passing direct from one Span to next. 
—By inspection of Fig. 86 we see that we might find the strains 
in the intermediate span BC without first going through the 
whole of AB or CD. This, if we knew the moment at B, 
this moment, divided by depth of truss at B, would give the 
strain in flange F7 for the system of triangulation indicated 
by the full lines. If then we knew also the shear at B= 
P—A—B=E, F, (Fig. 86, a), we could at once lay off F,7 
and E, F, (Fig. 86, a), and then proceed to find E8 and 78, 
just as before. In the same way the moment at C, divided by 
height of truss at C, would give us strain in F' 9, and with 
shear at C=P—A—B—C=E,F, =D, we could find E10 
and 910, as before. As we know already, a load anywhere 
upon a beam causes positive moments at a fixed end—ze., 
makes upper flange over support tension and lower flange com- 
pression. But as we see from the last case, owing to the tri- 
angulation, the last upper flange may a/so be compression (see 
E 6 in-Fig. 86) if the inflection point lies between diagonal 5 6 


————— 
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and the support. The known moment gives, then, the charac- 
ter of the strain only for that flange which does not meet a 
diagonal at the supporé. The moment at B, therefore, being 
positive, gives us compression here in lower flange, because, for 
the system of triangulation corresponding to the weight, that 
flange does not meet a diagonal at B. For a weight upon the 
other system of triangulation (dotted in Fig.), the same moment 
would give us the ¢ension in E7. The construction assumes 
equilibrium between F' 7, 78, and E8, and the shear at B; 
that is, between the pieces cut by an ideal section to the right 
of B through the truss and the shear at that section. That this 
is so is shown by the strain diagram, since there we see that the 
strains in these pieces form a closed polygon with the shear at 
B=E,F;,. This must evidently be so if these are the only 
pieces cut by such a section, since then the horizontal com- 
ponents of the strains in these pieces must balance, and the 
resultant vertical cere must be equal and opposite to the 
shear. 

It is important to know which side of EB, F, to lay off F, 7, 
since, if we had laid it off in this case to the right, we would 
have obtained a very different value for E,8. For this pur- 
pose we have only to suppose the strain in the flange (either 
upper or lower, as the case may be) to be applied at the point 
of junction or apex of the other two pieces, and then lay it off 
im the direction with reference to that apex corresponding to 
the known character of its strain. The direction of the shear 
is always known from the reactions. 

Thus in our Fig. the shear between B and C acts down from 
E, to F,, because P,, which also acts down, is greater than the 
sum of the upward reactions at A and B. The strain in F7 
is also known to be compressive, and therefore, in following 
round the strain polygon commencing from E, to F,, it must 
act towards apex at 7. We must, therefore, lay it off to the 
left of E,F,. In similar manner, for the other triangulation, 
the strain in flange E 7 is, in span BC, in equilibrium with 7 8 
(dotted diagonal) and F' 8 and shear E, F,, and is, moreover, 
known to be tension? Consider it acting then at B; and then, 
since it is tension, we go round the polygon from E, to F,, and 
then to the ght of E, F,, or away from B, the point at which 
it is supposed to act. 

Now for the case of the “tipper :” the reaction at D, and 
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therefore the moment at C, is also positive. The lower flange 
F'9 is therefore compression, or for the dotted system of trian- 
gulation E9 is tension. ‘The shear to the left of C, BE, F, acts 
down, since —-P+A+B=—E,F,. Consider F 9 acting at 
apex 9, and then, since it is compression, it must act towards 9 
(from right to left), and passing down then from E, to F,, we 
must lay off F 9 to the deft of F, F,. For similar reasons, for 
the other system, E 9 must be laid off to the right. 

For jiwed supports B and C, the moments alternate from B, 
and the moment at C is therefore negative—that is, gives com- 
pression above and tension below. Flange F 9, for the system 
of triangulation of P, would then be tension instead of com- 
pression, as above; P will, however, still be greater than A + B, 
and hence the shear is to be laid off down, and F 9 must be 
laid off to the right. 

If, then, it were required to find the strains in the span BC, 
preceded and followed, it may be, by many others, it is suffi- 
cient to know the moment and shear at one support. We can 
then commence and continue the strain diagram, without being 
obliged to go off to a distant free end and trace all the strains j 
through till we arrive at the span in question. 

126. Method of procedure for any number of Spans,— 
The general method of procedure which we advise, is then as 


follows. Let us take any number of spans, say seven [ Pl. 22, ie 
Fig. 87], and let it be required to find the maximum strains in a 
the span DE. It is not, as we have just seen, necessary tocom- % 


mence at the extreme end A or H, and follow the reaction there 
through, from span to span, till we arrive at D. As we have . 
seen from the preceding Art., we may start directly from D, Ny 
provided we know the moment and shear there. Now, sincea = 
load in any span causes posttwe moments and reactions at the 

two ends of that span, and since either way from these ends the 
moments and shear at the other supports alternate in character 7 
[Art. 102], any and all loads in A B cause positive moments 
and reactions at D. So also for loads in CD and in FG, 
Loads in BC, EF and GHG, on the other hand, cause negative 
moments and reactions at D. [See Fig. 87.] 

To find the maximum positive moment and shear at D due 
to the other spans, we must then suppose the method of 
loading shown in Fig. 87 (a). For the maximum negative 
moment and shear at D, we have the system of loading shown, 
in Fig. 87 (0). 


: 
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Now these two moments and shears being once known, we 
can find by diagram and tabulate the respective strains in every 


‘piece of the spanDE. Thus dividing the moment at D for 
either case by the height of truss, we have at once the strain in 


either upper or lower flange at D depending upon the system 
of triangulation as explained in Art. 125. With this strain and 
the shear at D properly laid off to scale, we can commence the 
strain diagram precisely as though we had traced all the loads 
through from the extreme end A or H to D or E. 

We must next find and tabulate the strains in DE due 
to each apex load in the span itself, and for this we must 
know to begin with the moments and shears for each separate 
load. 

[ Wote.—Distinguish carefully between shear and reaction at 
a support. The shear at D, or at a point just to right of D, is 


the algebraic sum of all the reactions and weights between that 


point and A. See also Fig. 84 (Art. 123), where the reaction 
at B is —ba, but the shear at Bis —ba+Ha=—Hb. 
So also the reaction at C is +c, but the shear at C is 
+bc—ba+Ha=H OC, etc.] 

Conceiving now that we have found and tabulated the strains 
due to the first and second systems of loading as shown in Fig. 
87, and also the strains for each load P inD E, the sum of these 
strains will give the strains due to live load over the whole 
length of girder, and taking the proper proportion of these, we 
shall have the strains due to the dead load. Combining then 
these strains with those first found, we can easily find the total 
maximum strains which can ever occur in D E. 

Such is the method of procedure we advise for many spans, 
in order to find the maximum strains in any one span. The 
method is not, however, strictly correct, and does not give the 
theoretical maximum strains in the span required to be solved. 
The reason is obvious. The method gives correctly the maxi- 
mum moment and shear at the left support of the span in 
question, but does not give the true maximum at other points 
of that span. 

Thus, as will be seen by reference to the table of the follow- 
ing Art., the maximum tension in Ae occurs really for a// the 
spans, except the one in question, loaded, while according to 


the above method we should have taken only the 1st, 3d, and 
13 


. ¢ ¥ 
’ .- ‘ > 
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6th spans loaded, and should have considered the other “ex- 
terior” spans as causing compression in the upper flange. 
This, although true for the end flanges, and indeed all upper 
flanges as far as the inflection points, is not strictly true for the 
flanges between the inflection points. The error is not great, 
more especially as even the strains thus found can never be 
realized in practice. It is exceedingly improbable that moving 
trains will ever in practice oceupy just such positions as those 
supposed. We recommend, then, the above method as giving 


safe and reliable results, while it makes the table much smaller — A 


and economizes much labor. 

In order to find the ¢rwe maximum strains, we must find the 
strains in every piece of the span in question due to load over 
each exterior span. We thus have a column in our table for 
each of these spans, or, in the present case, sia columns, instead 
of only two, as by the above method. We leave the reader to 


adopt this method or not, as he chooses, and shall content our- 


selves with illustrating by an example the method of finding 
the ¢rwe maximum strains. This method, though more labori- — 
ous than the above, is by no means more difficult. We have 
only to consider the effect of each exterior span by itself, instead 
of the combined effect of several. 

127. Example.—Let us take, as an illustration of the pre- 
ceding, the girder shown in Fig. 87, of seven equal spans, and 
seek the maximum strains which can ever occur in the middle 
span DE. Let Fig. 88, Pl. 23, represent the span DE—length 
80 feet, divided into 4 panels; and let the live load per panel 
be 40 tons,* the uniform load being half as much, or 20 tons 
per panel. Height of truss, 10 ft. 

Now the quantities, which for the present ¥ we must suppose 
known or already found, we give below. How these quantities 
are found will be the subject of the next chapter. 


For ist span loaded..... ...moment = + 61.55 ft. tons at D, 
shear at D = + 0.97 tons. 
For 2d span loaded........ moment at D = — 184.65 ft. tons, 
. shear at D = — 4.74 tons. 
For 3d span loaded........ moment at D = + 677.05 ft. tons. 


ghear at D = + 10.67 tons. 


* A very great load: half the resulting strains would give more nearly the 
strains in a single truss. 
% 
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For 5th span loaded........ moment at D = — 181.38. 
shear at D = — 10.67 tons. 

For 6th span loaded........ moment at D= + 49.46 ft. tons. 
shear at D = + 2.91 tons. 

For 7th span loaded........ moment at D = — 16.48 ft. tons. 

shear at D = — 0.97 tons. 

_ Also for the loads in the span D E itself: 

For the 1st load P,........ moment at D = + 158.92 ft. tons. 
shear at D = + 386.17 tons. 

Forethe 2d load P,........moment at D = + 271.96 ft. tons. 
shear at D = + 25.88 tons. 

For the 3d load P;........ moment at D = + 202.36 ft. tons. 
shear at D= + 14.16 tons. 

For the 4th load Py........ moment at D= + 62.88 ft. tons. 


shear at D = + 3.82 tons. 


In Fig. 88 we have found by diagram the strains due to P3. 
[For notation, see Art. 114.] We lay off to scale the shear 
14.16 upwards, since it is positive, and then, since the moment 
203.36 at D is positive, and hence the strain in Aw must be 
tension, we lay off Aaq= —— = 20.8 tons to the right of 
BA (Art. 125). With BA and Aa thus given, we can rapidly 
and accurately find all the other strains. Thus from our dia- 
gram we have, representing tension by minus and compression 
by plus: 


Aa=-204 Ac=+80 Ae=+364 Ag=+244 
Ak=— 27.2 
Bb=+60 Bd=—22 Bf=—508 Bh=+1.2 tons; 


and for the diagonals ; 
a6=+196 bc=—196 cd=+19.6 de= —19.6, ete. 


Heavy lines in the diagram represent compression. In a 
manner precisely similar, we can find the strains due to each of 
the other “interior” weights, as also to the “exterior” loads 
upon the other spans. Suppose all these strains thus found. 
Then the method of tabulation is as follows: 
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We first find and tabulate the strain in each piece of the 
span in question due to each apex load in that span, thus ob- 
taining the four columns for “ ¢nterior” loads. 


We then find and tabulate the strains in each and every 
piece for load over each of the other spans in succession, as 
given by columns for Ly, L,, Ls, ete. 


Now for dead load, if this is 4 of the live or any other frac- 
tion of the live load, we simply have to add algebraically all 
the other columns horizontally, and divide the resultant sum by 
4 or the proper fraction, whatever it is. We thus obtain the 
column for dead load. The table now gives us at once the 
maximum strains in every piece, as well as the position of loads 
which cause these maximum strains. We can also tell at once 
whether any piece needs to be counterbraced or is subject to 
strains of two kinds. Thus the dead load of course acts always, 
and in Aa, for instance, causes a tension of 62.5 tons. Now 
all the interior loads P,, P,, Ps, etc., we see from our table, also 
cause tension in Aa, as do also the loads of the Ist, 3d, and 
6th spans. The maximum tensions, since all these loads may 
act simultaneously, is therefore the sum or 225.6 tons tension. 
On the other hand, the only loads which can tause compression 
in the piece Aa are those in the 2d, 5th, and 7th spans. 


If these three spans are all fully loaded simultaneously, the 
united compression in A a is ess than the tension in the same 
piece, due to the dead load which always acts in that piece. 


Hence their united action will only diminish the dead load strain, 


but cannot overcome it. This piece, then, need not be coun- 
terbraced.. The greatest strain it will ever have to bear, under 
any possible loading, is tensile only, and equal to 225.6 tons, 


Again, for Ac we have a dead load compression of 11.8 tons, 
which may be increased by other loads, viz., all interior loads 
and load in span 2 to 85.9 tons compression. Loads in all other 
spans, except the second, cause tension in Ac. Adding up all 
these tensions, and subtracting the dead load compression, we 
have 38.6 tons tension remaining. The piece Ac then is sub- 
ject to 38.6 tons tension and 85.9 tons compression, and must 
be made to resist both. We also know at once from the table 
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what weights, and where placed, give these two strains. So 
for each and every piece the two columns for total maximum 
strains are at once made out from the preceding. The preced- | 
ing are easily found, provided we only know the moment and 
shear at the left support for each apex load in the span DE é 
itself, and for each exterior span fully loaded with live load. x 
4 
5 


The forcible for these two cases, which are all sufficient for 
solution, will be given in the next chapter. q 


We see, therefore, that there will be as many columns for 
exterior loading as there are spans, less one; in addition to- 
which there are as many columns for interior loads as there are 
apex loads in the span itself. For long spans, and many of 
them, this gives a large table. The solution becomes more 
tedious, but not more difficult. 


In such cases the method referred to in Art. 126 is tobe pre- “ 
ferred. It gives safe and reliable results, if not strietly maxi- — 
mum results. It reduces all the “exterior loading” columns 
to only two, and thus materially shortens the labor of solution. 


As in the example above, we have taken a middle span, ob- 
serve that the strains of P, and P,, P; and Py, are the same, as 
should be, only in reverse order. Thus, strain im Aa@ due to 
P, is the same as in AZ due to P,, and so on. 


128, Method of Moments.—We can very easily check our 
results by the method of moments of Art. 14. 


Thus for load over the 1st span we have the moment at 
D= + 61.55 ft. tons and the shear = + 0.97. We have then 
for the upper flanges of the 4th span for full live load over the — 
1st span (see Fig. 88); 


Aa x 10 = — 61.55 or Aa = — 6.15 
Acx10=— 61.55 + 0.97 x 20 orAc=—421 
Aex10=— 61.55 + 0.97 x 40 orAe= —2.27 
Ag x 10 = — 61.55 + 0.97 x 60 or Ag=—0.8 o 
Akx10 = —6155 +0.97x 80 oAk=+16 | 
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For the lower flanges, in like manner: © 


Bd x 10 = + 61.55 — 0.97 x 10 or Bb = + 5.18 
Bd x 10= + 61.55 — 0.97 x 30 or Bd = + 3.24 
Bf x 10 = + 61.55 — 0.97 x 50 or Bf= + 1.8 
Bh x 10= + 61.55 — 0.97 x 70 or Bh = — 0.6 


Oe eee ee ee 


For the diagonals, since the angle made by these with the 
vertical is 45° = 0 and hence sec. 0 = 1.414, we have: 


* a6=0.97 x 1414= +4137 bc = —1.87, ete. 


We can thus fill out the column for Ly. 
In similar manner also we fill out the column for L,, Lg, ete. 


So also for each of the apex loads in the span itself. Thus 
for P,, we have moment at D = + 158.92 and shear at D= 
+ 36.17. We have then (Fig. 88). 


Aa x 10 = — 158.92, or Aa = — 15.89 tons. 
Ac x 10 = — 158.92 + 36.17 x 20 — 40 x 10, or 
; Ac=+16.4 


Ae x 10= — 158.92 + 36.17 x 40 — 40 x 380, or 
Ae= + 8.8, ete. 


So also for under flanges: 


Bb x 10 = + 158.92 — 36.17 x 10, or BB = — 20.2. 
Bd x 10 = + 158.92 — 86.17 x 80 + 40 x 20, or 
Bd = — 12.6, ete. 


Also for the diagonals we have: 


ab= 3617 x1414= + 51.1, dc = 40 — 36.17) 1414 = + 5.2, 
cd = — 5.2, ete. 


We can thus fill out the column for P,, and in similar man- 
ner the columns foi P,, Ps, etc. 
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We have only to remember that a plus moment at the sup- 
port gives compression in lower flange and tension in upper, 
and that a plus shear acts upwards, a minus shear downwards. 
Also, that for the diagonals, the shear at any apex, multiplied 
by the secant of the angle with the vertical, gives at once the 
strain. In the present case the angle is 45°; therefore the 
secant is 1.414. 


The shear at any point is equal to the shear just to the right 
of the left support, minus all the weights, if any between the 
support and point. Thus, as above, for P, we have for diagonal 
bc, the shear 36.17 — 40, or a downward shear of 8.83, since 
the weight of 40 acts down. This downward.shear causes com- 
pression in 6c, since it acts at the top of bc. For ab we have 
36.17 acting up at the foot of wb, and therefore also causing 
compression. The diagonals which meet at the weight are 
always either both tension or both compression, according as. 
the weight acts at the top or bottom. Right and left from the 
weight the diagonals alternate in sign. 


The calculation, then, of the strains in any span of a contin- 
uous girder, as also the diagraming of these strains, is simple 
and easy, and offers no more real difficulty than the case of a 
simple truss, provided we know or can find the moments and 
shearing forces at the supports for the various cases of loading. 
The method of finding these necessary quantities will form the 
subject of the next chapter. 


~ 


The reader will do well to compare the strains in the above 
table with those for the same simple girder similarly loaded. 
Considerable saving of material, so far as indicated by strain, 
will be found. On the other hand, some of the flanges are sub- 
jected to both tensile and compressive strains. 


It is to be well noted that a small sinking of one of the sup- 
ports of a continuous girder may, if the sinking is equal to the 
deflection, make one span of what before was two. A very 
slight sinking, then, may cause very great changes in the strains, 
and hence, in structures of this kind, it is imperative that the 
foundations must be secure from settling. If this condition is 
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CHAPTER XIII. 


ANALYTICAL FORMULZ FOR THE SOLUTION OF CONTINOUS GIRDERS. 


‘ 


129. Introduction.—As we have seen in the preceding 
chapter, the complete and accurate determination of the strains 
in the continuous girder, both for uniform and moving loads, is 
easy, provided we can find the moments and shearing forces at 
the supports for the various states of loading, and for each apes 
load. Now this we are able to do with mathematical accuracy, 
and without much labor. The formule necessary for the pur- 
pose, when put into proper shape for use, are neither difficult of 
application nor more complicated than many which the practi- 
cal engineer is often called upon to manipulate. Since the 
publication of Clapeyron’s paper * in 1857, in which, for the — 
first time, his well-known method was developed, and his cele- 
brated “theorem of three-moments” made known, the subject — 
has engaged the attention of many mathematicians. In 1862 
Winkler + first developed a general theory, and gave general 
rules for the determination of the methods of loading causing 
greatest strains, together with tables for the maximum values 
of the moments, shearing forces, etc., for various numbers of 
spans of varying length. In the same year Bresse t followed 
with a similar work. In 1867 Winkler § gave a general ana- 
lytical theory, and, finally, in 1873 Weyrauch| has treated the 
subject with a degree of completeness and thoroughness which 
leaves but little to be desired. He discusses the subject in its 
most general form, for any number of spans of varying length, 


* Clapeyron—Calcul d’une poutre élastique reposant librement sur des ap- 
puis inégalement espéces.—Compte rendus, 1857. 
+ Beitriige zur Theorie der continuirlichen Briickentriiger— Civil Ingenieur, 
1862. 

+ Bresse—Cours méchanique appliquée. Paris, 1862. 

§ Winkler—Die Lehre von der Elasticitét und Festigkeit. Prag. 1867. 

| Weyrauch—Allgemeine Theorie und Berechnung der continuirlichen und 
einfachen Trager. Leipzig, 1873. 
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and for all kinds of regularly and irregularly distributed and 
concentrated loads—both for constant and varying cross-section 


of girder. His formule are mathematically exact, and for 


given loading are free from integrals. 

The above is but a very imperfect sketch, and we have named 
but a few of the many writers who have been occupied with 
the subject. Clapeyron’s Theorem above alluded to, as origi- 
nally given by him, applied only to uniform load over whole 
length of girder, or over an entire span. But as early as Bresse’s 
Treatise, it had been extended to include concentrated and 
local loads as well, and Winkler has also given a very complete 
and practical discussion of the subject. 

Notwithstanding the labors of these and many other mathe- 
maticians, there seems to be a wide-spread idea, even among” 
those who are supposed to have considerable familiarity with 
mathematical literature, that the results deduced are wnpracti- 
cal. It is not uncommon to meet with even recent publica- 
tions* in which it is stated that the authorities pass over such 
problems with “judicious silence ;” that the mathematical in- 
vestigations are intricate, and the formule deduced trouble- 
some in application; that even a “ partial solution of the prob- 
lem by mathematical calculation is attended with considerable 
difficulty, and that a complete solution for the bending moment 
and shearing force at every section, under moving partial and 
irregular loads, taxes the powers of the best mathematicians, 
and is well-nigh impossible, so far as any practical application 
of them by the engineer is concerned.” How far such ideas 
are justified may be seen from the following pages. That the 
authors and works above referred to can only be read by good 
mathematicians is not to be denied. It may also be admitted 
that the subject is an intricate one, and when treated mathe- 
matically in its most general form the results are naturally in an 
unpractical shape. But that these results are, therefore, worth- 
jess, or that the formule, when applied to any particular case, 
are “too intricate for practical use,” by no means follows. 

The desirability of formule for the application of our graph- 
ical method as developed in the preceding chapter ; the erro- 
neous ideas prevalent on the subject which we have just noticed ; 


-* Graphical, Method for the Analysis of Bridge.Trusses: Greene. D. Van 
Nostrand, publisher, New York, 1875. 
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and the deplorable fact that the “authorities ” do but too often 
treat the subject with “ judicious silence,” and that, therefore, 
there exists in our engineering literature no collection of prac- 
tical and useful formule: for this important class of bridges, 
though such formule are, and have been for years, free to all 
for the asking,—ali these facts may serve as apology for the in- 


troduction of the present chapter, in a work which professedly — 


treats only of Graphical methods. The apologies of those who 
professedly treat the subject analytically, and have yet omitted 
such formula, are not so numerous. 

We propose to give the analytical results necessary for com- 
plete solution of a girder of uniform cross-section over any 
number of level supports, with all spans of different lengths; 
for uniform load over whole length from end to end of 
girder, for uniform load over any single span, and for con- 
centrated load in any single span at any point of that span. 
These three cases, as we have seen in the preceding chapter, 
are sufficient for the complete solution of framed Bridge 
Trusses. * 

Many of these results are here given for the first time, at least 
in their present shape, in any published treatise, though, as re- 
marked, some of them in more or less practical form have 
long been common property for all who may have desired to 
make use of them. 

The formulz only will be given, in such shape and with 
such illustrations of their application that, we trust, they will 
be found free from complexity, and of considerable practical 
importance. In the Supplement to this chapter a demonstra- 
tion of the formule is presented. 

130. Notation.—The notation which we shall adopt is as fol- 
lows [see Fig. 89, Pl. 23]: ) 

* The formule for concentrated loads are alone all that is really necessary. 
Their addition gives, as we have seen in our tabulation, Art, 127, the strains 
for uniform load also. In fact, for strict accuracy, only single isolated loads 
should be considered, as the results given by the formule for uniform load are 


not perfectly accurate. This may be seen from the well-known fact that, for 
a girder fixed at one end, and supported at the other, the reaction at the free 


5 
end for a load in the middle is i6 of the load, while if the same load were uni- 


8 6 
formly distributed, the reaction is gths, or 7, of the load. The difference, 
however, for any practical case, where there are a number of panels, is very 


slight, 


ee ea ne 


Ss aol 


b 


wioFIun IoF yI0q ‘sjz0ddus oarynoesuco sory} Lue } 
ey} UosMjoq UorTZe[er v sossordxe ‘wouhadnjg 04 On] 
Q[qvyIVUlol SIT —,suoMO_ sem, JO ws1001, 
"MOY} SONPOAJUL OF WOISBDO SAVY OAL SB POUTPT! 

[ts ‘souermmo00 yuonbeaz Jo suorisserdxo J0F osn [VY 
sjoquids UIeJIED § “B[NWAOF SULMO][OFZ oy} Sursn pr 
-lopun ut AJ[NOWIp om puy Udy} [[LM puy ‘uoryRoy 
YIM J[OSUITY OZLIVITIUIeFZ UD IOpBeI OY} “Gg “ST,;T 0} 09 
OS 0} WOISBOD0 Avy [[BYs OAi spoquics oy} [Tv ostadua 
‘uvds AUB JOAO PBOT OAT] WAAOFIUN B SoyvorIpUT ‘u 
‘yjouey Fo yun sod a ‘poy oaty w 

"yysuoy Jo yun aod m st-peoy, woz 


eso} 4B sivoys pure ‘suoTjover ‘syUeTIOUI OY} OF 4g ‘ 
T+2y7 “Br oavy om Susy} ‘ueds poproy 03 queoe[pe sy 
‘™g rvoys ‘“y st qtoddns Aue ye uorover Lem 
‘qo, Wiorz gaoddns su 
qv JUSTIOT oY} osvo AIOAO UL SuTyeorput “ojo ‘es ‘T+ 
eq Avu w oroya “yr st Tetoues ur yaoddus Lue ye 
ne Os 

D 
‘po kq Gaoddus puvy-jjo] Jsorveu WO0Iz 901 
"a Aq poyVorpul st poy pozeayt 
‘qo, Wort uBds popro] oy} FO 1equnU 
Ul 9svo Iepnoyied Aue 10F “ JO on[BA OY} oLOy A “Y | 
eq 0} posoddns st peor oy} yorya ur ueds oj Jo WY 
‘9 kq pojouop puv yjyouey jenba jo ore suvds. 


y st “7 ueds popeoy Jo YSU] 04 M Jo 


pojouop AyTreTruLIs ore Loy} ‘Area OSB SpUe 0} 4XOU SUB 


=u pues ‘og =7u ‘Q), = 7 4003 OG sueds pus pue yoo 
suvds oyvIpousojur ft ‘snyy, ‘osvo avpnoraed Aue . 
UOOVIF UOALS B SI wv O0yA 7 w Lq pojouop sAVATR ox 
-OULIOJUL OY} WOLF YJoue, ut Aiwa suvds pue ouled) 
. ‘T+ pus u J 

ere JySII pue yjor wods papvo? M 02 gueonlpo $3106 
“UW SI JZo] WoAz skvmje ‘Te1oues ur y10ddns Aue jo 
wo1f poroquinu—y +s st sjzoddns jo sequinu 9[oy. 
¢s q poyeorpur st suvds Jo soquit 


COG ‘WIONA0L TYOLLATVYNV 


~~ 


206 CONTINUOUS GIRDER. [OHAP, XIII 


load over whole length of girder from end to end, and for uni- 
form load over the whole of any single span. It may be writ- 
ten as follows: | 


My Int 2 Mngt nt lmes) + Ming Inst = 4 [m+ breil 


If we suppose only one of the two ul spang as /,, to 
contain the full live load w, while all the spans are of course 
covered with the dead load w, the above equation becomes 


My, Dog +2 Mt [ln + Ost + Minas Inst = a tS a 


If both spans bear the same uniform load ~ alone, 


Moy ln + 2 Mine [ln + Imei] + Manse met = 7 Um + Masa 


If the spans are egual, the above two equations become re- 
spectively 


M+ 4 My: 2+ Mug? = [22% B 


and 


My 1+ 4 Mins D+ Mins T= AO. 


Now in every continuous beam, whose extreme ends are not 
fixed, two moments are always known, viz., those at the ex- 
treme supports, which are always zero. Hence, by the applica- 
tion of this theorem, we can form in any given case as many 
equations as there are unknown moments, and then, by solving 
these equations, can. determine the moments themselves. 

132. Example—Total uniform Load—all Spans equal,— 
Thus let it be required to find the moments at the supports for 
a beam of seven equal spans, uniformly loaded over its whole 
_length. The moments at the end supports M, and M, are zero. 
We have then, by the application of the last equation above, the 
following equations: 

For the first three supports 1, 2 and 3, m = 1, and 


4M, 1+ ™M,7=%2, or 4M, + M =". 


For supports 2, 3 and 4, m = 2, and 


My +4 + My, = 22 
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For supports 3, 4 and 5, m = 3, and 


M,+4™M,+™,=", 
or since in this case the moments equally distant each way 


from the middle are equal, this last equation becomes 
= 2 
M, +4M,+M,= Alp 


We have therefore three equations between three unknown 
moments, M,, MM; and M,, and by elimination and substitution 
can easily find 


M,=M,=0 M,= <2 uP M; = m, = 7 uP 
My = M,= = uP 


If, as in our example of Art. 127 in the preceding chapter, 


we take w = 1 ton per ft., 7 = 80 ft., then « /? = 6400, and the 


moment at the fourth support becomes 540.8. If the height of 
truss is ten feet, this gives [Fig. 88] 54.1 tons strain in the 


upper flange Aa. By reference to our tabulation, Art. 127, 


we see that this agrees closely with strain in A 1 due to uni- 
form load, found in a manner entirely different, viz., by sum- 
mation of the strains due to first case of loading, and the several 


loads in the span itself, and serves therefore as a check upon 


our results. 

133. Triangle of Moments,—For the benefit of the practi- 
cal engineer, who may object to the algebraic work involved in 
elimination of the unknown moments from the equations above, 
when the number of spans is great, we offer the following tabu 
lation, from which he may easily and directly determine the 
moments at the supports for any desired number of spans 
without formule or calculation. 

Thus, if we were in the above manner to find the moments 
for a number of spans, and tabulate our results as given in the 
annexed table, an inspection of the table will show us. that we 
can produce it to any extent desired without further calcula- 
tion. 
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MOMENTS AT SUPPORTS—TOTAL UNIFORM LOAD—-ALL SPANS EQUAL, 


ag * Ns 


A | gt ak ome 


Coefficients of wi? given in triangle, 


a 
" 


7 


av an: 


a 
- 
=e 


oa 
el 


4 
4 
ce 


The Roman numerals along the sides of the triangle indicate — 
the number of spans, and the horizontal line to which they be- 
long give the moments. Thus, for our example of seven spans 
just worked out, we have the extreme moments M, and M, = 0, 


15 11 
= M M, st:=— : 
IM, and M, raed 3 and a9 ete, 


Now, a simple inspection of this table will show us that for 
any even number of spans, as VIII., for example, the numbers in 
the horizontal line are obtained by multiplying the fraction 
above in any diagonal column, both numerator and denomina- 
tor, by 2, and adding the numerator and denominator of the 
fraction preceding that. 


15 x9+ 11 41 11x9+ 8 _ 80 _ 15 x2 
142 x2 + 104 ~ 388? 149x2 + 104 388 ~ 149x2 


12x2+ 9 _ 33 
142x2 +104 388 


Thu 


in the other diagonal column; 


_ i x2+ 11 
~ T42x2 + 104 


For any odd number of spans, as [X., we have simply to add 
numerator to numerator and denominator to denominator, the 
two preceding fractions in the same diagonal column. 


in the other diagonal column; and so on. 
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414+ 15 56 383 + 12 (804+ 15 — 45 
388 + 149 580’ 388 + 149” © 388 + 142 ~ 530” 
and so on. | : 

We can, therefore, independently of the theorem and analyt- 
ical method by which the above results were deduced, produce 
the table to any required number of spans.* 

134, Total uniform Load—all Spans equal—Reactions, 
—The moments being known, the reactions at the supports can 
be very easily found. 

Thus, the reaction at the first or last support is 


_ul_™M,, 
8+1 — 9 Tia. 


Thus 


R 


at any other support 


a} ae 


Thus, in our example in Art. 127, we find 


56 161 187 _ 148 
Ri = 775, %4 Re = Fay U4 Rs = ig &4 Ri = i Ue 


Hence, the shear at the fourth support is 


56 161 137 143 71 
a3 8 + iy Ot fag Ot ig ME 8 lH eh 


or when w/ = 80 tons, mee ul = 40 tons. 


Multiplying this shear by 1.414 (the secant of the angle with 
vertical), we find for the strain in diagonal a bd (Fig. 88) due to 
uniform load + 56.5 tons, the same nearly as already found in 
our tabulation. 

135. Triangle for Reactions.—The reactions for a number 
of spans being found, and tabulated, as above, in the case of the 
moments, we shall have a triangular table precisely similar to 
the one above, in which the same rule holds good for odd and 
even numbers of spans within the double lines drawn in.the tri- 
angle. The rule does not apply to the outer rows left and right. 


* The above relations between the moments can be shown analytically to 
be a result of the properties of the well-known ‘‘ Clapeyronian numbers.’’ 
For the table above, as also the others which follow, we are indebted to the 
kindness of Mr. Mansfield Merriman, Instructor in Civil Engineering in the 
Sheffield Sci. School of Yale College. They are given, so far as we are aware, 
in no ‘eas rg the subject yet published. 
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REAGfIONS AT SUPPORTS—TOTAL UNIFORM LOAD—ALL SPANS 
EQUAL. 


Coefficients of wf given in triangle. 


We are thus able to find both moments and reactions at the — 
supports for any number of spans, so far as uniform loading is 
considered, and may then either diagram the strains in the 
various pieces or calculate them as explained in Arts. 127 and 
128. No formule are required. . Any one who understands. 
the method of moments as applied to simple girders can, by 
the aid of the two tables above, find accurately the strains in 
every piece of a girder, continuous over as many equal spans as 
is desired, and wniformly loaded over its entire length, all sup- 
ports being on the same straight line. ii 

As we have seen, Art. 127, this is one of the cases which 
must be considered in order to find the maximum strains in 
any span,* and the results above given for its solution will, we 
trust, be found by the. practical engineer to be neither “ com- 
plex” nor “ difficult of application.” 

126. Clapeyronian Numbers.—In the analytical discussion — 
of continuous girders, certain numbers having many remarka- 
ble properties play a very important rdJe. | 

We have seen that the theorem of three moments furnishes 
us with as many equations between the moments as there are — 
moments to be determined. For a small number of supports, 


* See note to Art. 129, 
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these equations can be solved by the ordinary rules of algebra ; 
but for a great number, or in the general analytic discussion of 
any number, we must have recourse to a special artifice. Thus 
we multiply our equations, beginning with the last, by numbers 
indicated by ¢, ¢, G, .. ++ C4, and then choose these num- 
bers such that, by the addition of all the equations, all the M’s, 
with the exception of M,, disappear. We thus easily, determine 
M, without the tedious process of substituting from one equa- 
tion to the other, through the entire list. 

The following relations must then evidently hold between 
these numbers, as is evident from the theorem of three mo- 


* ments of Art. 131: 


24 (bith) tals =0. Reap. 
@, U1 + 2 Ce (ls + Uy1) + Oy U2 = 0. 
Cy_3 ls a 2 Cy_2 (2 as ds) a Cy_1 l, ae 0. 
If the first number is chosen at will, say + 1, the other num- 
bers can be found from these equations. 


Now in the present case of all spans equal, we have between 
any three of these numbers the relation: 


Cm—1 + A Gn + Cent oe Oe 


If we take the first, ¢ = 0, and the next, c= 1, we have 
for the others the following values: 


¢, = 0 = +15 = — 780 Cy = + 40545 - 
gaa 4 oS 4209 10864 og 4 edd 


These are the so-called Clapeyronian numbers. They alter 
nat@, as we see, in sign, and each is numerically 4 times the 
preceding minus the one preceding that. We shall always indi- 
cate these numbers by the letter c, the index denoting the par- 
ticular one. Thus, c, is the seventh number, counting 0 and 
1 as the two first. 

No table of these numbers is needed. The index being 
given, any one can write down the series for himself, till he 
arrives at the desired number. 

137, Uniform Live Load over any single Span—Moments 
at Supports of Loaded Span.—These numbers being pre- 
mised, we can now give the following formuls for the moments 
at the supports 7 and 7 + 1 of the uniformly loaded span: 
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For the left support, 
wi, == Bai! wrk [* Cy_r42 + Cy sass! | 
A ‘ 


Ca+t 


For the right support, 


| een ; we [* Cg_r41 hae see |. 


These formuls, it will be seen, are very simple and easy of 
application, 

Thus, for seven spans, load over the fourth from left, we 
have s = 7, r = 4, and hence 


° M=uM=—_—: Ca Oo + 4 


Both moments are equal, as should be the case for a middle 
span. Inserting now the proper values for the Clapeyronian 
numbers from the preceding Art., we have 


Fp A 15x —36 4157] 615 
M,=M,=— jw? |, 2011 | =stuae? 


So for any desired number of spans, the values of 7 and s 
being known, the corresponding Clapeyronian numbers can be 
easily found, and, inserted in our formule, give us at once the 
moments at the supports. 

Turning again to our example, Art. 127, and making w = 2 
tons, and / = 80 ft., we have w /* = 12800, and therefore M, = 
676, and dividing by depth of truss = 10 ft., we find the strain 
in Aa (Fig. 88) 67.6 tons, nearly what we may find by the 
summation of the strains due to the loads P,_,in our tabulation, 

138. Triangle of Moments—Uniform Live Load over any 
single Span.—If from the above formule we find the moments 
at supports for a number of spans, and tabulate as before, we 
shall have a triangle of moments similar to those already given, 
which may be produced to include any desired number of 
spans. We have only to observe that the numerator or de- 
nominator of any fraction in the table follows the law of the 
Clapeyronian numbers—that is, is four times the preceding in 
the same diagonal column minus the one preceding that. 


Ae Se ee” S| 


ees eee 
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MOMENTS AT SUPPORTS OF LOADED SPAN.—UNIFORM LIVE LOAD 
OVER ANY SINGLE SPAN. 
Coefficients of wi? given in triangle. 


153 x4— 41 571 


Thus for seven spans, 3190 ck — 336 and so on. 


~ 11644’ 
The triangle above gives the moments for uniform load over any 
span, both right and left. For left supports we have simply 
to count the span from right to left. Thus for seven spans for 
load in the sixth span from left, we have moment at left-hand 


support = ie w [, counting the spans from left to right in 


triangle. For the moment at right support of same loaded 
span, we count sie the other way from right to left, and find 


571 wh 
11644 * 
139, Moments at Supports of Unloaded Spans,—The 
triangle and formule above give the moments at the supports 
of the loaded span only, both positive—that is, always tending 
to cause tension in upper flange and compression in lower. 
lf m represents the number of any support counting from 
the left, the moments at any support generally may be found 
by the following formule: 


When m<r+i1, M,= ; we Cm Sects? = po] 
s—1 Ss 


When m> vr, M,, = ; Ww P [* Cu—m+2 + Cr4t cast | 


Ca + 4 Cs 
- If we make in these formule m=~vr in the first, and m = 
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yr +1 in the second, we obtain the formule of Art. 187. For 
any other support left of 7, or right of 7 + 1, we have only to 
give the proper values to m,s and r for any given case, and 
find the corresponding Clapeyronian numbers. 

140, Practical Rule, and Table.—The moments at the 
supports of the loaded span having been found by the formule 
of Art. 137, or the triangle of moments of Art. 138, instead of 
using the above formule, we may find the moments at the. 
other supports as follows: 

For all supports left of the loaded span: Somali at 
the left end support, place over each support the Clapeyronian 
numbers 
. 1 + 15 56 209 780, ete. 


Take the last number thus obtained, before reaching the left 
support of the loaded span, as a common denominator. Then 
the moment at the left end is of course zero. At the second 
support 1, at the third 4, at the fourth 15, at the fifth 56, ete., 
all divided by this common denominator, will express the frac- 
tional part of the moment at the left support of the loaded 
span, which the moment at the support in question is. For the 
moments at the supports right of the loaded span, proceed simi- 
larly, only count from the right end. 

Thus, for a girder of ten spans, sixth span ftom left loaded: 
The moments M, and M, due to-load being found, suppose we 
wish the moments left of M,. Commencing at left end, num- 
ber the supports 1, 4, 15, 56, 209. (Let the reader draw a figure — 
representing the case.) The number 209 is the last before 
reaching the sixth support. We take this, therefore, for a com- 

so Me 


mon denominator. Then we have M, = 0 M,= 500 


4 
Ms = 599 Ms M, = 5M, an sits ae sm Me 


So for supports to the right of support 7, we have 
1 4 15 
M,, = 0 My = 2, M, My 55 uM, M; = 5; M. 


Remembering that M, and M, are both positive, and that 
the moments alternate either way from these supports, we find | 
easily the proper signs for the moments right and left. 

We can now, ther rekoons find the moments at D and E due te 
the first and second cases of loading of Fig. 87 (Art. 126). 
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Let us take the first case. For load on A B, we have from 


our triangle or formule the moment at B= ni q@ P, AtD, 


56 780 6 
‘then, we have 7) Xa Ve = neu @* 


’ For load on C D, we have at once from triangle the moment 


616 

meine” | 

Finally, for load on F G, we have for moment at F, from 
7 15 627 ore 


: 62 
triangle = ies” ?, and therefore at D, - 509 * Tedd 
45 : 


ries?” 
All these moments at D are positive ; we have therefore, for 


the first case of loading, the total moment at D = + ae w iP 


If we make 7= 80 ft. and w= 2 tons, we find the moment 
at D= 788, and dividing by 10 we obtain 78.8 tons as the 
strain in Aa, Fig. 88, corresponding with our tabulation, Art. 
127. 

Table for all the Moments. 

All the moments may be found from a simple table similar 
to the following, which will be found perhaps preferable to the 
triangle of Art. 138. 


TABLE FOR MOMENTS.—UNIFORM LOAD IN SINGLE SPAN, 


Support counted from Left. Denominator A. 
i eitenseet eat 
1 2 3 | 4 6 6 Spans.| 4A. 
io 
3 
0 1 4 15 | 56 | 209 | I. 8 1 1 
0 3 12 45. | 168 | 627 | IL 7 2 4 
0 | 11 | 44, | 165 | 616 | I. | gp 3 | 15 
oO ee re 
0 | 41 | 164 | 615 | IV ‘ 4 | 56 
0 | 158 | 612 | vs = 5 | 209 
0 | 571 | VI. 6 | 780 
; 7 | 2911 | 
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This table, it will be observed, can be produced to inemde 
any number of supports desired. The law of the Clapeyronian 
numbers runs both horizontally and vertically. The smaller 
table gives the denominator, the larger the numerator of the 
coeflicient of w 7 for any case. Thus, for seven spans we haye — 
Jour times 2911 = 11644 for the common denominator. For 
load on second span from right, moment at sixth support from 


627 mn 
11644 


w , the same as above. 


left, we have then directly 


45 
11644 


For load in fifth span from right, the table gives us at once 


153 612 
Tiesa 2" 9nd + Feag 


For the other supports, since if now we were to continue count- 
ing from left we should have to pass a loaded support, we 
must count the loaded span from /ef¢t, and count the supports 
in reverse order. For fifth support from right, then, the num- 
ber required is at intersection of ILI. (instead of V.) and 5, or 

616 . 
11644 
cases, giving supports at loaded span itself, as also right and 
left of this span. We have only to remember to count sup- 
ports from left, and loaded span from right, for all supports — 
left of load, and inversely for all supports right of load. [Zhe 
reader should always, when using Table, make a sketch of the 
given number of spans, indicate the loaded span, and number 
the supports. | 

141, Reactions at Supports—Live Load over single Span. 
—For the siege at pe of loaded span, we have 


R = 1 


R76 Mists J 7, 
For reactions at extreme gee) when end spans are ‘loaded, or 


P; for fourth support from 


a 


0,— wi, for supports 1, 2 and 3. 


wl,as found above. Thus the tables above cover all 


L 4 


y l 
When any other spans are loaded, or 


when? = lorr=s, R,=— "2+ 2 wl, R,=— M+ Suk 
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For all other reactions, 
nano 


Thus for load covering the first span of seven spans, we find 
from the known moment, given in preceding Art., for the fourth 


support, 


6x56, 3836 
Nem ”' “Tie” * 
For load over third span from left, 
6 x 616 At 5: CONE 
init.’ Rade adi WT? ted 
For load on sixth span, 
| 45 270 
B= ire”! * °=ireaa ? 
Hence, total reaction at fourth support for first case of loading 
is sag wl, In the same way we can find the reactions at the 


first, second, and third supports, for the second case of loading, 
as shown in Fig. 87, and then can easily find the shear at any 
support, as D, by taking the algebraic sum of all the reactions 
and loads between that support and the end. 

We can now, therefore, find the shear and moment at D, and 
thus determine the strains in the span D E for both cases of 
loading, as given in our tabulation, Art. 127. 

142. Triangle for Reactions—Single Span loaded,—lf 
we calculate from our formule the reactions at supports of 
loaded span, for a number of spans, we can tabulate the results, 
as on next page, in a triangle, where each number is four 
times the preceding minus the one preceding that, all in the 
same diagonal column. 
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REACTIONS AT SUPPORTS—LIVE LOAD OVER SINGLE SPAN. 


Coefficients of w/ given in triangle. 


This triangle, similar to the preceding one for moments, 
gives the moments at the Ze/¢ support of the loaded span, when 
we count from left to right. Counting the other way, we have 
the reactions at the right support of the loaded span. — 

Thus for six spans, fourth span from left loaded, we count 


four from left in horizontal line for VI., and find ati wl for 


reaction at Zeft support. For reaction at right, we count four 


also from wight end: hd'fihd = wil. 

- 148. Reactions in unloaded Spans—lLoad over one Span 
only—Table,—The formule of Art. 141 for the reaction at 
any wnloaded support are sufficiently simple and easy to apply ; 
still we may, if thought preferable, also draw up tables for 
these, to be used in connection with the triangle of the pre- 
ceding Art. The following tables give the coefficients of 27 
for the reactions not adjacent to the loaded span. The denomi- 
nator of the fraction is to be taken from the triangle above; the 
tables referred to give only the numerators. 
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REACTIONS AT UNLOADED SPANS. 


Supports counted from left, Supports counted from right. 
1|2|3| 4/5] 6 ele laialair 
o ; 

1 | 6 | 24 | 90 | 3836/1254 1/8 %| 1/1204) 336] 90 | 24] 6 | 1 
© 
8 | 18 | 72 |270 (1008 '.|5 8) 1] |1008|270| 72 | 18 | 3 

= 
11 | 66 | 264] 990 mr.|F | IIT. 990} 264! 66 | 11 
———s a — 
41 | 246 | 984 Iv'.|5 g| IV 984 | 246] 41 
See . 
158 | 918 vie S| v 918 | 158 

a sf 4 — 

571 | vt. VI. . | o7t 
pee Vil’. VIL 2131 


Tables give the nnmerators of the coefficients of wi. Denominators from 
triangle on page opposite. 


These tables may be carried out to any desired extent by the 
law of the Clapeyronian numbers in.the vertical columns. 

As an example of their use, take seven spans load in fifth 
from left, that is, in third from right. (Make sketch.) From 
the triangle we take the common denominator 11644. Then 
from first table in the horizontal column of III.’ we have for 
- left end 

11 66 264 990 
Ri = 77644 = peg 4 Be yea? > =~ Tyga: 

For supports right of loaded span, we must take the second 

table, and look in horizontal column for V. We thus obtain 


153 918 
R= 776444 =— Fea ¥ 


We can now, therefore, either by our tables or formule, or 
both, find the moments, reactions, and shearing force at any 
support for both cases of loading given in Fig. 87. The reader 
will do well to take the example of Art. 127, and find the mo- 
ment and shear at D for both cases, and thus check our results 
as given in Art. 127. Thus, from the data there given, we find 
for the Ist case + 788.2 ft. tons, and for the 2d case — 382.5 ft. 
tons for the moments and 14.55 tons for shear. 
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144, Concentrated Load in any Span—Moments at Sup- 
ports.—It only remains to consider a concentrated load at any 
point. If the formuls for this case do not prove to be too com- 
plex or intricate for practice, we may consider the case, so far 
as equal spans are concerned, as fully solved. — 

We have seen that the “theorem of three moments,” so far 
as uniform loads are concerned, enables us to solve the case 
thoroughly. It is more especially as regards concentrated or 
partial loads that the opinion widely prevails as to the impossi- 
bility of obtaining practically useful formule; and this, not- 
withstanding that it has been shown by Bresse, Winkler, Wey- 
rauch, and many others, that the theorem of three momenta 
can be extended to include concentrated loads also. 

The Theorem as thus.extended is as follows: 


M1 ‘m1 + 2M, [ dnt + bn | + My 41 dn = 


Rt (ta-e) +E et aente) 
where, by our notation (Fig. 89, Art. 130), a’ and a are the dis- 
tances of P,,_;, P,,, from the nearest Jeft supports.* 

By the aid of this theorem, we are able to deduce the follow- 
ing formule: 

For moments left of 7, and including support 7, that is 


A Ca_r42 i” A’ Cy_r41 3 


Cyt 


whenm<r+1, M,=—¢p 


For moments right of 7 + 1, including support 7 + 1, or 
A Cy + A’ Cra 


when m>7, My, = — G_m42 
Cy41 


In these formule, ¢ represents,as above, the Olapeyronian 
number, and A A’ stand for the following expressions: 


A=PIQ2k—-8#+) A'=P1(k—P, 
e 
Z 


P from the left support, to the length of span. 
145. Illustration of Application of above Formulz,.— 
These formulz are by no means difficult of application. Let 


k being the fraction -, or the ratio of the distance of the weight 


* For demonstration of this Theorem, see Supplement to this chapter, 
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us take the example of Art. 127 (Fig. 88), where P = 40 tons, 
Z= 80 ft., and a becomes 10, 30, 50 and 70 ft. respectively. 
First, as regards the expressions A A’; 

These become in the present case 3200 (24—3 # + #) and 
3200 (4 — #) respectively, where & has the values 4, %, §, and 4 
successively. Now as the denominator is in each term always 
the same, in the first 8, in the second 64, in the third 512, and 
only the numerators of the values of % vary for the different 
positions of P, we may put these values of A and A’ in the 
forms | 


ili aa tea A’ = 3200 ( 


h B 
fee Cs ~ “64 ° 512 ) 


8 512 
or . 

A = 800 A—150 2? + 6.2305 23, 

A! = 400 h — 6.2305 23, * 


where / has successively the values 1, 3,5 and 7, for Py, P,, 
P; and P, respectively. These are then the practical formule 
for substitution in the present case. 

We can now apply the formule for M above. Thus, sup- 
pose for seven spans we have P; in the fourth, as shown by 
Fig. 88, and wish the moment due to P; at the fourth support 
D. Then s=7, 7 = 4, and m= 4, and we have 

Ac + A’e¢ 
M =—e¢ 5 4 
| 4 r Ge ? 
or, referring to Art. 186 for the Clapeyronian numbers, 
—56A+15A’ 840 A — 225 A’ 
2911 ms 2911 : 


M, = — 15 


Now for P; we have k= ss or h=5, and therefore 


A = 1028.81 A’ = 1221.2, 
Hence 


589430.4 
2911 


This divided by 10 = height of truss gives tension in Aa = 
20.2 tons, nearly what we have already found in our tabulation, 
Art. 127. 

In like manner we may easily find the moment at D due te 


M, — — 202.4 ft. tons. 
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every weight, cr by giving the proper value to m in our for-. 
mul, we may find the moment at any support we please. — 

The moments at the supports of the loaded span being found, 
the moments at the other supports may be obtained according _— 
_ to the rule given in Art. 140 for uniform live load over single J 

span. . 

146, Triangle of Moments,—The reader may also by the 
aid of the formule above form a triangle similar to those al-. — 
ready given, containing the coefficients of P l for the moments, 
at the supports of the loaded span. 

Thus for two spans, for moment at left support, we should © 
obtain 0 and 4[24—3# +7] Pj, and this last value will 
run down the right diagonal column without change, except in 
its coefficient 4, which will become successively +45, 45, 34%, 
for three, four and five spans respectively. For three spans __ 
we shalfhave, 0, qs (T4—12 +5 #) P/, and, as above, 
js (24-34 +#) Pil. The second of these will run down 
the second diagonal column from the right without change, 
except in its coeflicieut, which will be +5, 4%, ete., for five 
and six spans. 

So, for four spans we have 


0, gy (264-452 +198) Pl, A [Tk-122 +52] PL 
4h (22-82 +2) Pl, 


for moments at left, for load in 1st, 2d, 8d and 4th span re. 
spectively. The sovond of these runs ern the third ale 
column from the right, changing coefficient as above. 

If the triangle be now drawn, and ‘these expressions propel | 
inserted, we shall observe that along the diagonal columns 
_ sloping down and to the /ef¢, the values of % in the parenthesis, 
as also the denominators of the outside fractions, follow the law 
of the Clapeyronian numbers. The numerators of these out- 
side fractions in these columns remain unchanged. The outer 
left column is of course always zero. m 

Another triangle must be found for moments to the right of | 
load, and then the moments at the unloaded supports may be 
found by the rule of Art. 140. 

All the moments may also be found from a couple of tables 
formed similarly to those of that Art. It is unnecessary to _ 
give such tables here. From the above the reader can form a “ 
them for himself, if desired. The formulz for moments given 
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above are so simple, and with a little practice so readily worked, 
that tables are scarcely needed. 

147. Reactions at Supports for concentrated Load in 
single Span.—For the reactions we have the following formule: 

Ist. Abutment reactions. 

When the end span contains the load, that is, when 7 = 1 or 


R= — "+P 0-2, Ryu=—Tt+P (1-9. 


When the load is no¢ in the end spans, 2.¢., when 7> 1 and 
r <8, 


M, 


R= — —, Ry=—-—. 


l Z 


2d. Reactions at supports of the loaded span itself (not end 
span), weer 


R,=652+P(1—8h+32-2), 


1: 6 et + P #, 
3d. For all other reactions, 


R= 6 =". 


The above formule, in view of what has been said in Art. 
145, are sufficiently simple to need no illustration. 

For load in fourth span of seven spans we find easily for the 
reaction at left support, 


P 
R= 5 [2011 — 3% — 6387 # + 3479 |. 


This can be put in working order as explained in Art. 145, 
and the reader can check the results which we have given in 
the example of Art. 127 for himself. 

A triangle and two subsidiary tables for the reactions at the 
supports of loaded spans may be formed similarly to the tri. 
angle and tables of Arts. 142 and 143. We leave this for the 
reader to accomplish for himself, if thought desirable. 

148, Shear at Supports of loaded Span.—We are now in 
possession of all the formule necessary for the complete solution 


224 CONTINUOUS GIRDER. (CHAP. XII. 


of a girder over any number of supports, a2 spans equal. For 
any desired span, we can find the maximum positive and nega 
tive moments by the cases of Fig. 80, as also the moments due 
to various positions of the weight P. We can also find the re- 
actions at all the supports due to these cases. From the reac. 
tions and known forces, we can then easily find the algebraic 


sum, or shear, at any support. The moment and shear at any 


support due to any case of loading are, as we have seen, the 
quantities required for calculation. 

Now it is not necessary to find all the reactions in order to 
obtain the shear. The moments at the supports being known, 
we can find the shear directly. 

Thus, for concentrated load in a Span 1, (Fig. 89) we have for 
any point 


M, —8, 2 +P (i,—a) — 


where §, is the shear at the left of the loaded span, and m is 
the moment at any point. We see at once that, to determine 
this moment, it is the shear that we wish, and not the reaction. 
For a uniform load we have similarly, 


If in both these equations we make « = J,, m becomes M,4,, 
and we have 


8, = SS +g 
where g = P (1 — k) for a concentrated load, and g= ¥ for 


uniform load. 
In an unloaded span at the left support, or when m <7, 
q disappears, and we have 
M,, Zee M., +1 


whenm<7r, 5, = "a 


For the shear at the r7ght support of the loaded span we have 
simply S,—P or S,—w/, and hence 


My,41 Ze M, + qs 


' a 
Secs 
r 


| 
; 
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where g’= P& for concentrated load, and ¢’ = — for uni- 
\ 
form load. For any other span at the right support 
i ae M,, Te Ma. 
a bat 


Thus, S,, and S’,, are the shears at any support just to right and 
left of that support respectively. The reaction at any support 
is then R,, = S,, + S’,.- 

The moments, then, at two successive supports being known, 
we can readily find the shear at any support, and these two, 
moment and shear, we repeat, are the quantities required for 
calculation. The reactions, and the tables for the reactions 
above, are only useful as enabling us to find the shear. It is 
this last, together with the moment at the support, which gives 
us the moment m at any point of the span in question, as is 
evident from the above equations. It is only in the case of the 
simple girder that the reactions at the ends are the same as the 
shears. In the continuous girder only the latter should be 
used, except for ends of end spans, where the two are identical. 
We have only to remember, then, that the shear at any support 
is the algebraic sum of all the reactions and loads from that 
support to the nearest extreme end, and then, knowing these 
reactions and loads, the determination of the shear is easy. 

We might give tables for shears directly, as above, for reac- 
tions; but this is unnecessary. Having taken the reactions 
from our tables already given, and found the moments either by 
our formulse or tables, we can then find the shears both by means 
of the reactions and also directly from the moments them- 
selves, and thus check at once the accuracy of our determina- 
tion of both. From what has already been given, the reader 
can easily construct tables of shears similar to those already 


given for reactions for himself, if desired. 
149, Recapitulation of Formulze—Continuous Girder 
over any Number of Level Supports, all Spans equal.*— 


| For notation, see Art. 130, Fig. 89. 


* These formule are given in similar form in Winkler’s ‘‘ Der Lehre von 
der Elasticitaet und Festigkeit,” Art. 144, p. 122. They were also indepen- 
dently deduced by Mr. Merriman, to whose kindness we are indebted for much 
of this chapter. The above methods of tabulation were communicated by 
him, and are given in no treatise upon the subject, 

15 


226 CONTINUOUS GIRDER. . [cHAP. XIII, be 
1st. Moments at supports. 


Wher m< 7 +1, M,, = —o, Alar tA Co—r+t, 


Ca41 


AG + Al bras, 


Cy 41 


when m>7, My = — G_ns2 


in which k=", and A= P1(2k—87+#), A’ =P1L—#) 


for concentrated loads, and A= A’=43 wf? for a uniform 
load over any one span. 

2d. Shear at the supports. 

In the loaded span, to the right of the left support, 


atest wen Ae +49. 
To the left of the right support, 


Sa — mea Ms M, + 7. 


In the wnloaded spans, to the right of the left support, © 


_ My — Mass 
bn 
To the left of the right support, 
9 Ma — May 
: bent 


For the reaction at any support, R,, = 8’, + Sy. 
3d. Reactions. , 
(a) Abutment reactions : 


when 7 = 1, R= — +9; when r= 6, Ry =— 49 


when 7 > land <s, R=- 7 Roa = -7. 


(2) Reactions at supports adjacent to loaded span (when this 
span is no¢ an end span): 


M, A 
adits 38 iG 
MM. A! 
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(c) All other reactions : 
R, =6 Ss 
Where for concentrated Joad, 
A=P/I(2k-3F+F) A’'’=P/1(k—F) 
g=P(i-&) g =P&. 


For uniform load in single span, 
A=A’=4twuw, g=7¢=3wil, k being always %, and 


q=0 & = 15 G = —780  b» = 40545 
= 1 @=-—56 oo = 2911 Cy = — 151316 
G=—-4 = 209 Cy = — 10864 ce, = 564719, etc. 


We give also, for sake of ta a ch although not needed 
for calculation, the formule 


FOR oanrode LOAD OVER ENTIRE LENGTH OF GIRDER.* 

- Moment at any support, 
M,, = 2A bn, 

Reactions at abutments, 


b 
R= Ry = 75 igs od 
B+ 8 


Bin—1 bere sot Om4t bg. 


8+2 7 bg : 


Reactions at other supports, 


M 
Rn = 6—* +93 


where, as before, A=twl, gq=4wil, 


and the numbers indicated by 6 are as follows: 


Bee Aap hos 66 ay = — 780 
= 1 20% + 11 by = + 153 ete. 


*The above equations were first given by Mr. Merriman, in the Jour. 
Franklin Institute, April, 1875. 
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These numbers change signs by pairs alternately, and every 
other one follows the law of the Clapeyronian numbers. In 
fact those with the odd indices are those numbers, and the even 
ones, commencing with 0, 1, 3, follow the same law. 

The above comprises ald the formule thus far given, in a 
shape very convenient for reference. The reader who has fol- 
lowed attentively our explanation of their use, needs nothing 
more to solve the case of equal spans completely. The expres- 
sions, however, for the reactions are wnnecessary. As we have 
seen from Art. 148, we need only the moments and shears at 
any support in practical calculations. The practical formule 
necessary and sufficient for any case will be found in the next 
Art. | 

150. Girder continuous over any Number of Level Sup- 
ports; Symmetrical with respect to the Centre, and with 
two variable end Spans n J and pl on each side.—[Fig. 
89.] * 


Moments at Supports : 
Cm A Cy_r42 + A’ Cg-r+1, 
L pyst2(n+p) o’ 


— %s—m+2 Ao, + A’ G41 
when m>7, M, = 05 So 


whenm<r+1, M,= 


Shear at Supports—loaded span, 


se? M, — M41 
1. + q; 
SiS MM, 73 
unloaded spans, 
~ ie M,, an May: 
m ba ? 
qr — M,, — Mn 
e ln—1 


For uniform load, 
A=A'=iwhk; gag = tvl, 


* Jour. Franklin Institute, March and April, 1875. 


Se ee | ee ee ee Oe eee ee ee Ne ee ee 


——S Oe 
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For concentrated load, 
A=PZE(2k-8%+), A’ =PL(R-D, 
and g=P(1l-h, 9g =Ph, k being always r 


The quantities denoted by ¢ are also as follows : 


6 = 0, = 1, 
—2p—2 
os re ae “> 
y= 2 op +e + 4p) 
p bd 
oy == Pt bp) — nm 14 + 169) 
p 2 
_ p (52 + 45 p) + (52 + 60 p) © 
= ’ 
ee, 
— p (194 + 168 p) —n (194 4 224 p) 
Gq = ’ 
P 
cy = REE EET ED oto, 


following the law of the Clapeyronian numbers. 

151. Application of the above Formulz, — The for- 
mul of the preceding Art. comprise in a most compact form all 
the formule hitherto given, and are all that is necessary for the 
complete solution of any practical case. , 

Thus, by making py = unity and retaining only n, we have 
the case of a girder with variable end spans n/, of different 
length from the others, which latter are all equal and repre- 
sented ‘by 7. The reader will find no difficulty in using the 
above. For any particular case, when w or P and J, &, n and 
p are given, A, A’, g and q’ can be easily found, and the prob- 
lem is solved. If and p be both unity, we have the formule 
for all spans equal. The expressions for M,, will then reduce 
to those already given in Art. 144. Thus, in Art. 145 we have 
already found for seven equal spans, 7 = 80 ft., load P = 40 
distant 50 ft. from left; the moment M, = 202.4. Now, from 
our formule above, we find for M,; making m= 5, s=7, 
y= 4; M, = 272.8. 

Then by our formule for shear, 8,= + 14.12, or nearly 
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what we have assumed in Art. 145. We may also find the 
same shear by finding the algebraic sum of the reactions at 
ABCand D from the formule of Art. 147. This is more 
tedious, and, as we see, unnecessary. The moments can be 
easily fuund, and then the shear obtained directly from these. a 

We must bear in mind that J, always denotes the span the 
load is upon, whether 7 J, p J, or 1, while Z,, is any span in gen- 
eral, according to the value of m. 

152, Continuous Girder with fixed ends, —It is worthy of 
remark that if m be made zero in the formule of Art. 149, we 
have a girder with fastened ends and variable end spans p/. 
If in addition p is unity, then all the spans become equal. We “4 
must, however, remember that when we thus maken =0,the 
number of spans is s — 2 insteAd of s, as before, and the end 
spans are pl; the end supports are also 2 and s instead of 1 
ands +1. 

153. Examples.—As illustrations of the use of the formule 
of Art. 150, we give a few examples. 

Ex. 1. A beam of one span is jiwed horizontally at the ends. 
What are the end moments and reactions for a concentrated —_— 
weight distant k 1 from the left end ? eg 

Here the two outer spans of three spans are supposed zero. a 
Therefore, s —2=1,ands= 3. The left end is 2 instead of ‘ 
1, and the right end 3. Hence,7 = 2, p =0, and m = 1 in the r 
formule of Art. 150. We have, then, 


4=0, g@=1, g@=—-2, g=4h and hence, rf 
~ + A'G, ir 
+2c a 


for m= 2, m,=%* 


Ag + A’ 
for m=83, M, = 7 ee Sic 


or, inserting the values of c above, 2 


1 1 
M,=5,@A—A), Ms=—= (A—-24), 


For a concentrated load, A=P? (2Qhk—3% + F), 
and A’=P?(k—/). Hence, M,=P/1(4—-24 +), 
and M,= Pi (# — #). 

For the reaction at the left end, which is in this case the 
game as the shear, we have 


= 


5>/ 
a ee 
at ee ke A 


i < ie 
es 


Sees 
+ 
i 


lth iat 
: P as 


! 
; 
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s, = M—M 1 PU —% or 8 =P(-3# +22), 


ga Pd or &=PG#-2P) 


For a load anywhere, we have simply to give the proper value 
to &, and we have at once the reactions and moments. Thus, 
for a load at + the span from the left, 4 = 4, and 


8, = HP, S,= 7 P; M.=%% Pl, M, = #; Pl. 
For a load in centre, & = 4, and 
§8,=8,=}3}P, M,=M,=}P/. 


[Compare Supplement to Chap. VIL, Arts. 16 and 17.] 

Ex. 2. For a uniform load over the same beam, what are the 
end moments and reactions ? 

We have simply to introduce the proper values of A and A’ 
for this case, and we have at once 


M,=7,w?=M, and 8,=8,=iwil. 
Ex. 3. A girder of three equal spans ts “ walled in” at the 


| ends, and has a concentrated load in the first span. What are 


the moments, shears, and reactions at the ends and intermediate 
supports ? 

In this case, s—2= 3, and hence s=5, r=2, n=O, 
p = 1, and therefore 


_@ AGtA'G 

sly a 
_ 4% AG + A'S GAGtA'S 
Gs ete Ce ee oe Ee ee 


also, % =,0@=—1, g= —2, 4 = 7, = — 26, ete. 


Inserting these values and the values of A and A’ for con- 


-centrated load, we have 


21 D7 (2 — B, 


P] 
Mass gps # rei F +:88 by) M,= 5 


: 2 
M,=-5 (#32), M, = = (82-3824), 
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Observe that the moments are positive at each end of the 
loaded span and alternate in sign from that span, varying as 
the numbers 1, 2,7, or as the numbers c [Art. 140]. A positive 
moment always denotes compression in lower fibre. For the 
shears we haye, then, from Art. 150, 


P Gee 
= 7; (45-99 P +542), 8p = = (99 P — 54 #), 


S=FQR-27B, 8)= QT i? +27 12), 


a - 
For the sista then, 


R, = S,, R,; = 8’; +S =F (1262 — —81 #), 
R,=8+ 8 => (36 # + 36 WA), R, = 9’, 


Observe that the reactions as also the shears are positive at 
the supports of the loaded span, and alternate in sign from 
those supports. A positive shear or reaction acts always up- 
wards. Disregarding, then, for the present, the weight of the 
beam itself, it would have to be Aeld down at first pier from 
right end. 

If the weight is in the cena of first span from left, 4 = 4, and 


M, = aah M, = = Pi, oe ae M, = 5. Pi 
a= 8= BapP B= seg) B= — seq Be= gap F 
The reactions add up to P, as they should. 

If P = 100 tons, and 7 = 15 ft., we have 

M, = 237.5 ft. tons, M, = 87.5, M,-— — 50, M, — 25 ft. tons. 

R, = 60 tons R, = 47.5, R,=—10, R,; = 2.5 tons; 

S, = 60 tons, 8’,= 40, 8, = 7.5, 4 = 18, 


8, = — 2.5, 8’, = 2.5. 

Ex. 4. A beam of five spans, free at ends ; centre and adja- 
cent spans 100 ft., end spans each 75 ft., has a uniform load 
extending over the whole of the second span from left. What 
are the moments at the ends and supports ? 
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Here s=5, n=%, p=1, r=2; therefore, from Art. 150, 


& Ac + A'% _%4% AG +t A'G 
aaa Lope $e ? * $1 4 +46 
and ¢, = 0, & =1, a= — jf, 4 = 138, og = — 48.5. 


» etc. 5 


Since, then, A = A’ = ee for uniform load, we have 


M, = 0, M, = 73, wv 7, Mz, = 7$h, w P, M, = — sh, w P, 
M; = 73557 wv 7, M, = 0. 
If the load is two tons per ft., w 7? = 20,000, and 
M, = 0, M, = 414.7, M, = 1036.6, M,—— 279.5, M,—79.7. 


Find the shears and reactions at each support. 

Ex. 5. A beam of four equal spans, has the second span from 
left covered with full load. What is the moment and shear at 
left of load ? 

Ans. M,=— 7, vl, S.= dt wl. 

What at right of load ? 

Ans. M; = 3% wl, 8’, = 443 wl. 


What are the formule for concentrated load? 


Ane. = My= 75 [264-45 4.19 B] PL, 
M, = 7 [Tk-12# +5 #) Pi, 
— [56 — 582488 —2], 


8’, = [58k-38# +F] = 


Examples might be multiplied indefinitely. 

The above is sufficient to show the comprehensiveness of our 
formule, and the ease with which results may be obtained, 
which, by the usual methods, would require long and intricate 
mathematical discussions. The points of inflection and the 
deflection may also in any case be easily determined, and gen- 
eral equations similar to the above deduced, but, as we have 
seen, the above are sufticient for full and complete calculation. 

154, Tables for Moments,—'rom the formule of Art. 150 
we can easily find the moments for both uniform and concen- 
trated load in a single span for various numbers of spans. If 
these results are tabulated we, shall obtain tables from which 
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the moments may be at once taken. The formule for the 
shears are so easy when for any case the moments are known, 
that it is unnecessary to give tables for these. 

The reader will do well to make himself perfectly familiar 
with the formule by calculating the moments for various cases, 
and comparing with the following tables. We give the prac- 
tical case of variable end spans / and equal intermediate 
spans /. 


TABLE FOR MOMENTS—UNIFORM LOAD OVER ANY SINGLE SPAN, 
Ooefficients of w from table. End spans n1. 


Supports counted from left. 
at 2 3 4 6 6 : 
0} ont . (242n) n3 (7 8n)n8 (264+30 2) n8 (97 +112 n) n® |T. 2 
0} 14+2n (14+2n) (24+2n) | (142 2) (7+8 xm) |(1+2 2) (26+80 2) etc. It, 3 
0} 5+6n (5+67) (24+2n) | (5646 7) (7+8 n) etc. TI, g 
0} 19+22 m | (19+22n) (2+2n) | (19+22 nr) (7+827) Iv. 
0} 71482 2 |(71+82 2) (2+2n) ete, v. é 
0/265 +304 2 ete. VI. 
Number of 
spans. One-fourth of Denominator. 

1 

2 5 

8 848 +4 n? 

4 12428 n+16 n? 

5 45 +104 n+60 ? 

6 168 +888 2 +224 22 


The above table can be easily extended to include any num ° 
ber of spans. It is precisely the same as the table of Art. 140, 
and, in fact, includes that table. We have only te make» =1 
and we have at once the table for equal spans. Suppose we 
take five spans, load in second from right. from the smaller 
table we have at once for the denominator of the coefficient 
of wh, 4(45 +104+ 60 n?), Then from the other table 
we have at support 1 from left M, = 0, 


nl (1 +2n)wP 
at support 2, M,= 7 (45 +104. + 60 n¥)’ 


Say nad aN 


at support 3, 
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M,=(1+2n)(2+2n)w? | 
4(45 + 104 n + 60 n)’ 


te. 


If the load were in second span from deft, and supports to 
right of load were required, we have simply to count the sup- 
ports the other way in the table. 


(1+2n)wP 
4 (45 +- 104 + 60 n*)’ 


Thus, M, = 0, M, = 


or same as M, 


in first case, etc. 


a 
TABLE FOR MOMENTS—CONCENTRATED LOAD IN ANY SPAN, k= ya 
Hind spansni. Coefficients of P 1, from table. 

a=a’ B Y =’ p’ y’ 
=lr, | 842” 1 Qn 1 242 n, B44n | IT’, : 
Shit 9+10 2 2+2n B44n 242 T4+8n 12+14m II’, |g 
i=} 
d inv. 83 +38 W+8n 12414” %+80 26 +30 2 45+52 2 |IV’. |p 
——_ | > 
BI\v. 1234142 | 264+30n | 45452 | 26430” | 974112” | 1684194n |v’. : 
+ S| Vz. | 450450 m | 9741120 | 1684194 | 974112 nm | 9624418 n | 627 +724 n [VI’. |S 
VIL. ete. etc, etc. etc. etc. etc, Vil’. 
Number of ; 
spans. Denominator A, 
2 
3 84+8 244? 
4 12+28 2+16 n2 
6 45 +104 n+60 22 
6 168 +388 7 +224 n2 
7 etc, 


The above tables give only the moments at the supports of 


the loaded span. The Roman numerals L., IL, IIL, etc., denote 
the number of this span from /ef¢, and I’., II’., III’., the num- 
ber of the loaded span from right. The expression for the 
moment at left support is 


M=P,5[y%—38 B+ a'#.] 
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For the right support, 


Mm’ =PL2 [y+ 38% —ak), 


where the expressions for 0, 0’, A, y, y’, 8, 8’, a, a’, are to be 
taken from the tables and inserted. 

Thus, for five spans load in second span from right, or third 
from left, we have at once A= 45 +104”+ 607% For the 
moment at the left support, to find 0, we must take horizontal 
line for IIT., and thus find (2+2n). For y’, B’ and a’ we 
must take II’., and find, therefore, 3 +4n,2+2n and3+2n, 
Hence, moment at left support is 


24+2n 
45+-104 n+60 n? 


M=M,=P}, [B+4m) &—8 @+2n) M+ B+2n) x |. 


For moment at right support, we must take line II’. for 6’ and 
line III. for y, 8 and a, and hence 


we Pi 
M=My= yaaa [+40 b+ 8 C420) kP— (9+10n) de |. 
Since the span in question is not an end span, 7.=/ and 
a 
k seamen 7° 


For a load in an end span, use the formule of Art. 150. 
For a load in middle span of five spans, 2.¢., third span from 
each end, we have 


aua,= PIG+9 9) 8 (T+8.n) ht-+ (9+10 n) i? | 
M=M3= 750160 at | At 14m) b—8 (7+8 2) ki? + ( ) 


ap PUR+2N) [ 942n) k*— (9410-0 x |. 
M'=M.= 57 gy at | ten) B48 C+ n) ( ) 


When 4 = > both these moments become, as they should, equal 


for any assumed value ofz, as the reader may readily prove by 


insertion. 
For the other moments not adjacent to the loaded span, the 


rule of Art. 140 holds good. 


6, 6, 
Thus, M,=0,M,=— M, M,=7'M,, M,= 7 M, ete, 


Ie ns ee oe, 
4 


‘at supports of loaded span, S,= 
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and similarly on the other side, 


1 6 
M,=0, M,,= r) M,,:, M,_.= nad M, ,1, ete. 


r+1 Ge 41 4 


We must remember always to give the proper signs to the 
moments, viz., positive for extremities of loaded span, and 
alternating each way from these for the others. From the 
formule of Art. 140 we can then easily find the shear at any 
support. 

155. Continuous Girder—Level Supports—Spans all dif- 
ferent—General Formulz.*—The preceding formule com- 
prise the case of one or, at most, two variable end spans. We 
give below the general formule for ai/ spans different. These 
formuls include all the others as special cases. Thus, if we 
make all spans equal, we have the formule of Art. 149. If end 
spans 7, and /, are made zero, and we take the nuniber of spans 
equal to s—2, and first support 2, we have the continuous gir- 
der with jied ends, in which the intermediate spans may or 
may not be equal, as we choose. If we make 7, = 0 or 7,=0 
alone, and s — 1 = No. of spans, we have a continuous girder 
fixed at one end only. In short, the formule comprise the 
entire case of level supports. They are as follows: 


Let s = number of spans, 4, = length of loaded span, 4 = P 


a being distance of load from left support; 1, 2, Ig... - sabes 
the length of the various spans counting from left. 
A d, 42 + B d. —r41 
‘er s—r - wh 
dys +2 + )d,) 
AG, + Be.a: 
Rares Vo Lot For the shear 
M, iS: M, 41 
ly 


Then, when m <r +1, M,, = ¢n 


m>?, M,, = Fy_m427 


- q S' p41 — 


mes + q’. For unloaded spans, §,, = 
M,, — Mas 


A 


Mn GE a Ss’ 
at >™- m1 


* These formulsz were first given by Mr. Merriman, and may be found in 
the London Phil. Magazine, Sept., 1875. 
t We can puti,d, .+2(i,+1,)¢,=—d,,jand/, ,¢, +2(1,+1,_,)¢, 


s+il s—1 s—1 
=-—c |. These values may be used for supported ends. The above 


s+1°8° 
values are, however, the most general, and hold good not only for supported 
ends, but for fized ends as well, 


- For the reaction at any support, R, = 8’, +S,. Inw ric 
we have always k=7,9=P(1— kh), =P &. | ¥ 
A=P/?2k—3#+#)andB=P/? (k— 14) fon consul 


trated load; and g=¢=4wi,andA=B= £ wl! for uni- 
form load entirely) covering any one span. Ah 
Also for ¢ and d we have the following values: \i ge 
¢, = 0, | A 
= 1, 
2 (4, + 
an ee | a 
g= thts D= 2 were 
co 9 oe 
as ds 
=—2 — 
Os C4 (27 a ag )- — & Mg 
or, generally, 
32 bn—v:t Cm—t\\ Im—2\ 
aa 98 Gas (RH) tae (A 
d, = 0, 
d, = 1, 
ds — 9 l, ; faa 
s—1 
a 4 (fs + 1,4) loa + U2) — Pos 
i des I : 
5-1 “s—2 
eye Jo + Us a, 2, 
ts ls 
or, generally, 
d= — 9 eae St as bem 49 _ Bn bya ad 
‘S—m +2 wee 


As an illustration of the use of the above Foretttee let us — x 
take three unequal spans, load in the first. Then s=3,7=1, 


es 


a 7 e 
k=-. For moment at second support, m= 2,orm>r; hence 


i 
phe Aga+Be 
me peg 
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hence, since B = P 7? (4 — #), 
wr, — 2 F ut b= F) (hb bh) 
4 (4 +b) (4+ b)—@ 


If in this we make 7, = %, we have the extreme spans equal, 


and then 
2PIik— +h) 
’ 4(1,+ 4) — 1? 
If we make in this, again, 2; = 2, we have for a// spans equal 


_4PL(k—-#) 
M, = 15 ? 


just what we should have from Art. 149. 
For the reaction at the end support, we have 


M, = 


R,=8,= “7h +P (1m, 
or, since M, = 0, 
_ —™ pa ~2P46-P) (b+ 4) ss 
a pat led hed a cem ai ae ea aba amt 


For all spans equal, or 7, = 2, = 2; =/, this reduces to 
B=5 (15 -194 +42), 


as we should have found from Art. 149. 

Ex. 1.—A beam of one span is fiwed horizontally at the 
right end ; what wre the reactions and the moments for concen- 
trated load ? 

Here s—1=1 or s=2, r=1, 2,=0, and from the for- 
mul of Art. 155, c, = 0, q =1, and dj = 0, d, =1, dj = — 2, 
Agq+Bo Bs 
lat+2laq ~~ 2le,’ 


B_ Pi 
or M,= a= e-*”) 


M,=0, M,= dy 


§,=— +P (1-H =F Q-3h +2), 


S)= 5 (3k—2). 
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Ex. 2.—A beam of three spans of 25, 50 and 40 feet respec- 
tively is fixed horizontally at the right end, and has a concen- 
trated load of 10 tons at 12 feet from the thiré support from 
left. What are the moments at the supports ? 

Here = 25, 4= 50, 4= 40, 4 =0, P=10, 4R=12; 
k= 0.8, s—1=3, s=4,4=0 and r=3. Also, 4 =0, 


G = 1, g = — 3, 4 = 12.25 and d,=0, d&@=1, d= —Y, 


d@,=6.4, ds = — 82.4. 

When, then, m <4, 

_ %m _ _ Pi 

My = gy (— 2A + B) = ——AEn BA-6 H+ 3M), 

Inserting % = 0.3 and the values of ¢, 
form = 1,M,=0; m= 2,M,=— 8.20; m= 38, M; = 24.62; 
for n = 4, 
M, = =o (- 3 A + 12.25 B) = 
or M, = 42.29 ft. tons. 

Find the shears. Also moments and shears for uniform load 
over third span. 

Ex. 3.—A beam of four spans |, = 80, 1,=100, 1; = 50, 
1, = 40 ft., free at the ends, has a load of 10 tons in the sec 
ond span at 40 ft. from left. What are the moments ? 

Here s = 4,¢,=0, g = 1, q = — 3.6, = 19.6, oq = —83.7, 


cae PE (6.95k +98 — 15.98 22), 


d, = 0, h=1, &=—3.6, d,=10.8, d = — 41.85, r= 2, 


For m <8, M, =— g@7 (AU+BA), 
5 


m>3, Myn= - = (Ac, + Ba). 
5 


Hence, M, = 0, 
103A—36B_ Pi? 


My = 555 = gag (17 — 80.9 + 18.9) = 82.01, 
4 A—36B_ 36Pi? by, 

M, = — 3.6 = = pyqge (1.6 + BH — 4.6 H) = 88.56, 
SA-86B - PH 


M, = 0. 
Find the shears. Also find the moments and shear for uni 
form load over second span. 


err Fee ee ae ee 
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156. Thus we see that, as in Art. 150, a few short and sim- 
ple formulz, which may be written on a piece of paper the size 
of one’s hand, are all that we need for the complete solution of 
any case of level supports—whether the spans be all equal or 
the end ones only different, or all different ; whether the girder 
merely rest on the end supports or be fastened horizontally at 
one or both ends. We have only to remember that a positive 
moment causes tension in upper flange at support, and there- 
fore compression in lower; inversely for negative moment. 
Also, that a positive shear acts upwards, and a negative shear 
downwards. Also, that both moment and shear are positive at 
supports of loaded span, and alternate in sign both ways. This 
is all that we need to form properly the equation of moments 
at any apex, and determine the quality of the strains in flanges 
and diagonals. We can thus solve any practical case of framed 
continuous girder which can ever occur with little more diffi- 
culty than in the case of a simple girder. 

Thus, for the span DE (Fig. 87) we have only to find the 
moments at D and E due to every position of Pin the span 
DE, and the corresponding shears at D. These once known, 
and, as we have seen, they can be easily obtained from our 
formule, we can find and tabulate the strains in every piece 
due to each weight, as shown in Art. 127. An addition of these 
strains gives, then, the maxima of each kind due to interior 
loading. 

We have, then, to find, in like manner, the strains due to the 
two cases of exterior loading as represented in Fig. 87, or else due 
to each exterior span loaded, making a column for each span. 
From the columns thus obtained, we can deduce the dead load 
strains, and then finally the total maximum strains of each kind 
for every piece. [See, for illustration of the above, Art. 127.] 

Thus, the whole subject is solved with the aid of but four 
simple formule, and for a problem generally considered impos- 
sible by reason of its “ complexity,” our results will, we trust, 
be found sufficiently simple and practical. 

In view of the fact that the necessary formule for practical 
computations have been often given in the later works of 
French and German authors, although perhaps never before 
in so compact and available a shape as above, it is indeed sur- 
prising that they should have been so completely ignored by 
English and American writers. 


The tables and formulz which we have given will, we trust, 
16 


Neee the subject fairly within the reach of the prac 
neer, and should they be the means of calling more ¢ 
tention to this important class of structures, 5 will not, 
be considered as out of place in the present treatise. 9 
For the influence of difference of level of the supports, AS W 
as for variable cross-section and the relative of th 
continuous girder, see Arts: 17 and 18 of the Appendix, i 


‘ 
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SUPPLEMENT TO CHAPTER XIII. 


DEMONSTRATION OF ANALYTICAL FORMULA GIVEN IN TEXT. 


In the following we shall give the complete development of the general 
formule of Art. 155. As these formule include, as we have seen, all the 
others as special cases, it is sufficient to show how they are obtained in 
order to enable the reader to deduce all the others. 

4. Conditions of Equilibrium.—tI the 7th span of a continuous 
girder, whose length is 7; (see Fig.), take a point 0 vertically above the rth 


gust ah, her 
So eee at ( Re ; si 
jy, te---@..... P > 


. fen, 


r+l 
be 
support as the origin of co-ordinates, and the horizontal line 07 as the axis 
of abscissas. At a distance 2 from the left support pass a vertical section, 
and between the support and this section let there be a single load P, 
whose distance from the support is a. 

Now all the exterior forces which act on the girder to the left of the 
support 7 we consider as replaced, without disturbing the equilibrium, by 
a resultant moment M, and a resultant vertical shearing force 8,. This 
moment is equal and opposite to the moment of the internal forces at the 
section through the support 7; while the vertical force is equal and oppo- 
site to the shear. 

Not only over the support, but also at every section, the interior forces 
must hold the exterior ones in equilibrium, and therefore we have the con- 
ditions: . 

1st. The sum (algebraic) of all the horizontal forces must be zero. 

2d. The sum (algebraic) of all the vertical forces must be zero. 

8d. The sum (algebraic) of the moments of all the forces must be zero. 

Thus, for the section z, we have from the third condition 


> M=M,—58§,27+P,(t@—a)—-m=0 ... . (1) 
where m is the moment at the section. From this we have 

m= Mr—S,2+P,(t@—-a) . . « «© « © © © (2) 
If in this we make z = /,, m becomes M; 41, and we thus have for the shear 
just to the right of the left support of the loaded span 


S; = Me + oe (za). 


z” 
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| For an unloaded span the weight P disappears, and 


Mm —Mm +1 
lm ’ 


For the shear just to the left of the right support of loaded span, 


Sn = 


Sr =P—8, = Sy Be 


For unloaded span, the weight P disappears, and 


Git oe Mn— Mn-1 
nun > —>—_— 
bn x 
a 
5'm is then the shear to the left of any support m, and 8S, that to the é 
right. The reaction at any support is therefore - 
Rm = 8'm + Sm ‘ 


These are the formule already given in Art. 148, 

2. Equation of the Elastic Line,—We can now easily make 
out the equation of the elastic line for the continuous girder of constant 
cross-section, or constant moment of inertia. 

The differential equation of the elastic line is,* 


Py 


nict- eee 


where E is the coefficient of elasticity, and I the moment of inertia, 
If now we insert in (3) the value of m, as given in (2), we have 


@y _M,—8,%+ P, (@—a) 
de EI 


Integrating ¢ this between the limits z= 0 and 2, and upon the condition 


that 2 cannot be less than a, the constant of integration gy = t, = the tan- 

gent of the angle, which the tangent to the deflected curve makes with the . 
horizontal at 7; and we have, since we must take the / P, («—a) simul- 
taneously between the limits z = a and 2 for e=0 and @; 


a P. (7— a)? 
oi = 2M, #— 8, 2? + P, (@ a) eae, 
2 2EI 


If we take the origin at a distance h, (see Fig.) above the support r, 
then integrating again, the constant is /,, and we have 


t, + 


bs 8 M, 2? —8, 2 + P, (e—a)* 
y=h+ta+ ot ee 


which is the general equation of the elastic curve. If in this we make 


* See Supplement to Chapter VIJ., Art. 11. 
+ Notice that when « = 0, a = 0, and hence (¢ — a) = 0 also, 
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w= lr, y becomes Ay41. If also we put c= k, ora=kl,, and insert alse 


lr 
for 8, its value as i in (2 a), we find for ¢ ‘ 
tp =x Petia le 1_[em b+ Mryike —Prlt (20-8 # +B) | ..() 
L, 6 BI = sf ? 


We see, then, that the equation of the curve is completely determined, 
when we know M, and M,.,1, the moments at the supports. These, as we 
shall see in the next Art., are readily found by the remarkable ‘‘ theorem 
of three moments,” already alluded to in Art. 144, 

3. Theorem of Three Moments. 


L ©). ae OREN Cee 
: fre Uy 


ey a aT ese i i 


In the Fig. we have represented a portion of a continuous girder, the 

spans being 7, 1, . . . i, etc., and the supports 1,2... 7, etc. Upon the 
‘spans 7,_; and 7, are the loads P,_; and Pr, whose distances from the near- 
est left-hand supports are &/,_; and klr; & being any fraction expressing 
the ratio of the distance to the length of span. 

The equation of the elastic line between P, and the r + 1** support is 
given by (4), and the tangent of the angle which the curve makes with the 
axis of abscissas is given by (8a). If in (8a) we substitute for 8, its 
value from (2), and for ¢, its value from (5), and make at the same time 


2 = 1,, then of becomes ¢,,1, the tangent at r + 1, and we have 


tes = ‘a sai se ue [ete + 2 Mess be Pel! ae | 


Remove now the origin from o to n, and we may derive an expression 
for ft, by simply diminishing each of the indices above by unity; therefore 


Bat + oa; [Mk 1+ 2M, f1—Pr_1 i? 21 (k— i) |. 


Now, comparing these two equations, we may eliminate the tangents, 
and thus obtain 


M,_; p41 + 2M, (1 + lr) + Mii = 


~6x1[{~ stl Sd P,_1 Iy?-4 (b—#) + Pp le (28-8 B+B, 


which is the most general form of the theorem of three moments for a 
girder of constant cross-section. 

When the ends of the girder are merely supported, the end moments are, 
of course, zero. Then, for each of the piers, we may write an equation of 
the above form, and thus have as many equations as there are unknown 
tooments, 
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4, Determination of the Moments—Supports all on 
level,—When all the supports are in the same horizontal, the ordinates 
hi, ha, hr, etc., are equal; and hence the term involving EI disappears, 
and we have simply 

M,_1 fy_1 + 2 My (pa + ie) + Mra = 
Pri 1 (k— #)+P, 1? (2k—8 + i), 
as already given in Art. 144. 
Now let s = number of spans, and let a single load P be placed on the 
rth span, [Pl. 23, Fig. 89.] 
From the above theorem, since _M, and M,,; are zero, we may write the 
following equations: 
2M: (1, +1.) + Msl,=0; 


M, 1, + 2M; (Is a ts) + M,1;=0. 


M,_; jp_i4 + 2 My (4-1 + i) + Meith 
P.122h=8k +i) = | 


M, Ty + 2 My 41 (le + Deas) + Mesa yi = 
P, 1? (k — #) = B. 


e e e . . . e . . . . o . 


. ee 


M,_2/s_2 + 2 Ms_1 (Js_2 + Us_1) + Ms 1,1 = 0; 
M,_; 1,1 + 2 M, (/s_1 + Js) = 0. 

The solution of these equations can be best effected by the method of 
indeterminate cocficients, as referred to in Art. 136. 

Thus we multiply the first equation by a number ca, whose value we 
shall hereafter determine, so as to satisfy desired conditions. The second 
we multiply by ¢s, the third by ¢,, the rth by ¢, +1, etc., the index of ¢ cor- 
responding always to that of M in the middle term. Having performed 


these multiplications, add the equations, and arrange according to the co- 


efficients of M2, M;, etc. We thus have the equation 
[2 ¢2 (ls + Un) + 2 lo] Ma + [Ca Zp + 2 Cy (Ia + Us) + e412] Ms +... 
+ [Crt tpi + 2 Oy (pa + be) + Gath] Mr+.... 
+ [C32 Iso + 2 ¢g—1 (Is_2 + Us_1) + ¢3 U1] Mo_1 
+ [est Igut + 2 eg (Us + Us)] My = A cy + Beepys. 

Now suppose we wish to determine M;. We have only to require that 
such relations shall exist among the multipliers c that all the terms in the 
first member of the above equation, except the last, shall disappear. We 
have then evidently, for the conditions which these multipliers must 
satisfy, 

2 co (1, + Us) + eo lg =0; 
ob tie + Cs devil 


Cr-1 Bg: + 2 PS (hs + h). + eet L, = 0; 


. . . . 


tant has + 96-19 + h- rete ay" 


the : 


W's 
PS 


£ 


= 


« . ° : . p | - 
ee PO Re ee ee a 


be aay 
DT dk, eo Oe 
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while for Mz; we have at once, ~ 


M, = Ac, + Bey —~ A&t+ Bos 
(gt lgs1 + 2 Cs (ls_1 + Us) Cat by 


If, in like manner, we should multiply the dast of equations (6) by the 
number ds, the last but one by ds, the rth by ds_y41, etc.; then add, and 
make all terms, except that containing Mz, equal to zero; we should have 
the conditions: 


2 ds (Is + Ts-1) + ds Ig_1 = 0; 
dy Ig_4 + 2 ds (Isa + Ug~-2) + As gg = 0; 


Os _r4ily + 2 ds_ry2 (le + We-1) + Ms_r43 1 = 03 
» iets & +2ds_1 (Is + 1a) +dgl,= 0; 
while for the moment we have 


M, = A ds-r42 + Badsup31 PE pasos Adsr42 + Bds_r41 ; 
ds—1 lg + 2ds (lh + li) ds 41 hh 

The values of M, and M, are thus given in terms of the quantities 
A and B and ¢ and d. 

A and B depend simply upon the load and its position in the rth span. 
Thus A=P/7Q2k-3#” +R), B=PiIPk—k’). 

As for the multipliers c and d, they depend only upon the lengths of the 
spans, and need only satisfy the conditions above. Hence, assuming 
¢:=0, co=1, and d,=0, d,=1, we can deduce the proper values. for 
all the others, Thus, 


¢, = 0, d, = 0, 
¢3=1; ad; = 1, 
Lh +1 ; + yx 
amar ape dy = — 9, 
FS. lo + Us ly want Is_1 + Is_9 As Ty_1 
fe nae <“apaiey © 
9, 4ath ok e lsetiss 9 |s..2 
C= — 2% le a? ds = oapkvion mens Oe eo 
EE La dy = — dy 2-8 ths _ g, os 
ls ls B—4 ls—4 
etc., ete. etc., etc. 


Now from equations (6) we see at once that M; = cs; M., M,= ¢, M,, 
etc., or, universally, when n < r + 1, 


My =¢y Ma = ~~ (Ady xyat+Bdgay1) + + (2 
ds 41 h 
Also taking the same equations in reverse order, Ms_1 = dy My, M;_3= 
d, M,, etc., or, universally, when n > , 


M, = dyngs My = — 29 (Ag + Bory:) . - > @ 
C341 ly 


- 
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Equations (7) and (8) are the general equations given in Art. 155, which, 
as we have seen, include the whole case of level supports. 

5. Uniform Load.—For uniform load the same equations hold 
good. We have only to give a different value to A and B. 

Thus, for several concentrated loads we should have 

A=Z2P/{}(2k-3%' +P). 

For a uniform load over the whole span 1, let w be the load per unit 

of length, then 


seq [a a; or sincea =k l,, sen (onan 
oO } 0 
Inserting this in place of & P above, and integrating, we have 

‘ A=B=} wi, 

Thus the equations of Art. 155 hold good for concentrated and uniform 
load in any span, for any number and any lengths of spans. 

The above formule were first published in an article on the Fleeure of 

Continuous Girders, by Mansfield Merriman, C.E., in the London Phil, 
Magazine, Sept., 1875. 
_ 6 Formule for the Tipper.—tThe expressions for the roaghilied 
in this case, already given in Art. 120, may be easily deduced, The solu- 
tion is tedious by reason of lengthy reductions, but the process of deduc- 
tion is simple. 

The construction in this case is indicated in Fig. 83, Pl. 22. We sup- 
pose, as shown there, a weight upon the first span only. Under the action 
of this weight the beam deflects, and one centre support falls and the 
other rises an equal amount. Thus, if we take the level line as reference, 

=-—hs. Moreover, the reactions at these two supports must always be 
equal. 

We have, then, as representing this state of things, hy = — fs, and calling 
the supports 1, 2, 8 and 4, we have from Art, 1, since M,= = M,= 0, and 
Lh=h, 


R.=8,=8,=—7"+P(0—», 
R, = 8.4+8:= 97 +Ph+ Ms 
t ls (9) 
on M . . . 
Ri = 8s + 8 = ST, 
R=8'=— 9. 
1 - 
These reactions will evidently be known, if we can determine the mo- 
ments. 
Let Y,=6H51 Ie Tr Trot ye aoe . Then the gen- 
col 


eral equation of three moments of Art. 3 becomes, when we neglect Py, that 
is, suppose only the first span loaded : 


Myo 1 + 2 My (ri + 4.) + Mrgi = — Wr + Pril’-1 (4 — #). 


This expresses a relation between the moments at three consecutive 


: >) ee, OT Sy ae 
. fal 
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supports for load between the first two. Let r—1=1, or r=2, Then, 
: since M, = M, = 0, we have 
2 : 2M; (1 + 2)+M3:4=—-Y¥.:+Pi°(&-Kk)=R.. (10) 
£. where R stands for convenience equal to the expression on right. 
Let r—1=2, orr7=8, Then the weight disappears, and since J, = 1s, 
M, 1, + 2 M; (I, + hh) =e Y; ey ah ep pe @ (11; 
From (11) we have 
~ ; By Ee phy) bie ear ean ae 
But since Ry must always equal Rs, we have from (9) 
: : Cee ae ee ek i oo 
h ls 
Substituting (12) in (10), we have 
—Ri,—2Y; (1: + 12) 
8l7+8hhi+412 * 


M; = s* ea va 6 G4) 


Substituting (12) in (18), 

1, 12P&— VY, (2421 
M; = 8 i? +81, tee Oe 46 he Tae (15) 
From (14) and (15), we have then 

—Y,—-R=14124Ph. 
Insert in this the value of R from (10), and 
¥,-¥,=Pi?@—F)+PL424=P ({k—-l{R+hL44. 

Now in the present caseh,=0, Ay =0, and hy = — ds, and since also 


=h, 
¥.=6B1[— -7] 
1. 
and Y.=6H1 e+e} That is, Y¥, = — ¥;. 
1 


Hence, from our equation above, 


v=? [ite Pyhh bl, 


W=—F [yb—1i 4h be]. 


Substituting these values of y2 and ys in (11) and (13), we can obtain at 
once M, and M;, which finally substituted in eq. (9), will give us the re- 
actions as already given in Art. 120, when we put 7/ in place of i. 

7. In similar manner we can solve other problems, Thus—what are the 
reactions for a girder continuous over three supports, the two right-hand ones 
resting upon an inflexible body which is pivoted at the centre ? 

This is the case of the tipper when raised at the centre so that the ends 

: just touch, and then subjected to a load at any point of first span—the 
other end not being latched down, so that it rises freely, as though without 
weight of its own. 


ae s, me Emer vem ra! ot ee ae 
a i‘ si a, Tee ota 
: ‘ bee 
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ay In this case we have from (9), since now M; = 0, aye = = | 
2 rR, =-™,pa—», R=, Ms _ pra pe R,=— Me 
+ : > 3 i + ( 5 L, + lL k k, Rs 7 
ars) and R, = 0. = el 
sc _tecomipleaeoaamis R, mustequal R;, hence =—t a4 net a” 
ie ee Py . 
oe Poe ty See ‘ia 
ih _ From the equation of three moments above, we have, making r— is we 
as or r = 8, since then P disappears, ~ 
he M, 1, =— ¥s3 6. |. arte 
VY 
a or M, = — 7). 
Substituting this value of Mj in (16), we find 
1,1°Pk _44Ph 


“= orn! hence M, = “SERS 
and therefore, at once, 


a 


, Pe rae ee 


| 2 PS _ hPk.. ‘ee (sh aan 

d Aes nl in place of i, we have — 

oe ‘ : 

wit ‘inRs tee 3 OB 

s = R= +Pd- ‘2, R=R= 242 

4, R, + 2 R:, it will be observed, equals P, as should be. a 
Pr The conception of a beam tipping, as in the last two Arts., nde ay 
Hig ens Herschel (Continuous, Revolving Drawbridges, Boston, 1875), and the 

A above formule were first deduced rclen him in the shove work, 

- > 

p> 

ff 

in 

a 
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'~ LITERATURE UPON THE CONTINUOUS GIRDER. 


We give below, for the benefit of students and those interested in the 
subject, a list, chronologically arranged, of works upon the continuous 
girder. A glance at this list will convince the reader as to the thorough- 
ness with which the problem has been treated. 

1. RespHann.— Theorie. der Holz-und Eisenconstructionen.” . Wien, 
1856.—[Treats the continuous girder of constant cross-section and equal 
spans according to the old method of Navier; first determining the reac- 
tions at the supports. A load in any single span only is considered, either 
total uniformly distributed, or concentrated and acting at the centre. ] 

2. Képxe.—‘‘ Ueber die Dimensionen von Balkenlagen, besonders. in 


_Lagerhiusern,.”.. Zeitschr.. des Hannoy. Arch. u. Ing. Ver., 1856. [The 


simple and continuous girder. Attention is here first called to the advan- 
tage gained from sinking the supports. ] 

3. ScHEFFLER.—‘ Theorie der Gewdlbe, Futtermauern und Eisernen 
Briicken.” Braunschweig, 1857. [Continuous girder with total uniformly 
distributed load, and invariable, concentrated loading. Advantage of 
sinking the supports. ] 

4. CraPpEYRoN.—Calcul d’une poutre élastique reposant librement sur 
des appuis inégalement espéces.” Comptes rendus, 1857. [Here, for the 
first time, the well-known Clapeyronian method is developed, by which a 
series of equations between the moments at the supports is first obtained. 
Application to total distributed loads, but varying in different spans. } 

5. Moniinos Et PronreR.—*“ Traité théoretique et practique de la con- 
struction des ponts métalliques.” Paris, 1857. [Treatment of the con- 
tinuous girder of constant cross-section, according to Clapeyron. ] 

6. GrasHor.— Ueber die relative Festigkeit mit Riicksicht auf deren 
moglichste Vergrésserung durch angemessene Unterstiitzung und Einmau- 
erung der Triiger bei constantem Querschnitte.”. Zeitschr. des Deutsch. 
Ing. Ver., 1857, 1858, 1859. 

7. Monr.—*“ Beitrag zur Theorie der Holz-und EHisenconstructionen.” 
Zeitschr. des Hanndy. Arch. u.- Ing. Ver., 1860. [Theory of continuous 
girder, with reference to relative height of supports. Application to gird- 
ers of two and three spans. » Best sinking of supports for constant cross- 
section. Disadvantage of accidental changes of height of supports. In- 
fluence of breadth of piers. ] 

8. H.—“Continuirliche Briickentrager.” . Bornemann’s Civil-Ingenieur, 
1860. [Continuous girder of constant cross-section of three spans. Best 
ratio of spans, and sinking of supports. ] 

9. Winxier.—“ Beitriige zur Theorie der continuirlichen  Briicken- 
trigger.” Civil-Ingenieur, 1862. [General. Theory. Determination of 
methods of loading causing maximum.strains; and, for the first time, 
general rules for the same given... Best ratio. of end spans. ] 
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10. Bressz..—‘‘ Cours mécanique appliquée professé a l’école impériale 
des ponts et chaussées.” Seconde Partie. Paris, 1862. [Analytical treat- 
ment of the continuous girder of constant cross-section. The transverse 
forces are not considered. The exact determination of the most dangerous 
methods of loading, with reference to the moments in the neighborhood of 
the supports, is also wanting.] 

11. ALBARET.—‘ Etude des ponts métalliques 4 poutres aroits réposant 
sur plus de deux appuis.” Ann. des ponts et chaussées, 1866. [Continu- 
ous girder of constant cross-section, treated after Clapeyron.] 

12, Renavupor.—‘‘ Mémoire sur le calcul et le contrdle de la resistance 
des poutres droites 2 plusiers travées.” Ann. des ponts et chaussées, 1866. 
[Continuous girder, treated according to Clapeyron.] 

13. CutMann.—‘ Die Graphische Statik.” Ziirich, 1866. [Graphical 
treatment of simple and continuous girder of constant and variable cross- 
section. Moments at the supports are determined analytically. ] 

14. H. Scummpr.— Ueber die Bestimmung der ausseren auf ein Briick- 
ensystem wirkenden Krifte.” Férster’s Bauz., 1866. [Data for the amount 
of live load for Railroad and Way Bridges, Determination of the equiva- 
lent uniformly distributed load. Data for dead weight and wind pres- 
sure. | 

15, GrasHor.— Die Festigkeits Lehre.” 1866. [General analytical 
treatment of the girder without special reference to bridges. Continuous 
girder of uniform strength.] 

16. WryxLER.——‘‘ Die Lehre von der Blasticitaet und Festigkeit.” Prag., 
1867.—[General analytical theory of the continuous girder of constant and 
variable cross-section. Application to total uniformly distributed loadiaiy 
Influence of difference of height of supports. ] 

17. Frinxen.—‘ Ueber die ungiinstigste Stellung eines Systems yon 
Einzellasten auf Trigern iiber eine und tiber zwei Oeffnungen, speciell auf 
Trigern von Drehscheiben.” Bornemann’s Civil-Ingenieur, 1868. 

18. Monr.—“ Beitrag zur Theorie der Holz- und Eisenconstructionen.” 
Zeitschr. des Hannov, Arch. u. Ing. Ver., 1868. [Here, for the first time, 
the elastic line is regarded as an equilibrium curve, and the graphical 
treatment of the continuous girder founded. ] 

19. H. Scummr.—‘‘ Betrachtungen tiber Briickentriiger, welche auf zwei 
und mehr Stiitzpunkte frei aufliegen, sowie tiber den Einfluss der unglei- 
chen Hohenlage der Stiitzpunkte.” Férster’s Bauz., 1868, 

20. Corrienon.—‘ Cours de mécanique appliquée aux constructions.” 
Paris, 1869. (Continuous. girder of constant cross-section and uniform 
load.] 

21. LarssLte and Scutister.——‘‘ Der Bau der Briickentriger mit beson: 


derer Riicksicht auf Eisenconstructionen.” III. Aufl., I. Theil. Stutt-- 


gart, 1869. [Treatment of the continuous girder, sedordinig to Clapeyron. | 
22. Leyeur.— Etude sur les surcharges @ considérer dans les calculs 
des tabliers metallique d’apprés les conditions générales Texplotenen 
des chemins de fer.” Paris, 1871. 
28. Lipprou.—‘ Theorie des continuirlichen Triigers constanten Quer- 
schnittes, Elementare Darstellung der von Clapeyron und Mohr begrin- 
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-deten Analytischen und Graphischen Methoden und ihres Zusammen- 


hanges.” JF érster’s Bauz., 1871, also separate reprint. [The geometrical 
constructions are deduced from the analytical formule. ] 

24, SeEFEHLNER, G.—‘ A tobbnyngpontt vasrécstartékr6l—A magyar 
mérrék és épitész—egylet kézlénye,” 1871 [Hungarian]. 

25. Rirrer, W.—‘ Die elastische Linie und ihre Anwendung auf den 
continuirlichen Balken. Hin Beitrag zur graphischen Statik.” Ziirich, 
1871. [This and the preceding work treat the continuous girder after the 
Culmann-Mohr method. } 

26. Orr.— Vortriige tiber Baumechanik,” II. Theil. Prag, 1872, 
[Analytical determination of the shearing forces and moments for the sim- 
ple and continuous girder of constant cross-section and level supports. ] 

27. Weyravon, J. I.-—‘‘ Allgemeine Theorie und Berechnung der con- 
tinuirlichen und einfachen Triger.” Leipzig, 1873. [A work well deserv- 


_ing to close the list. Gives the general. theory for constant and variable 


cross-section for any number of spans from 1 to , and for all kinds of 
regular or irregularly distributed and concentrated loads. The formule 
are general, and for given loading free from integrals. Difference of level 
of supports; most unfavorable position of load; exact theory of the fixed 
and movable inflexion and influence points, etc. Examples illustrating 
use of formule, and complete calculations of girders. } : 

This last work leaves but little to be desired in thoroughness and com- 
prehensiveness. 

It will be observed that England and America have contributed but lit- 
tle to the literature of the subject. Indeed the standard-works of both 
countries show scarcely a trace of the influence of the labors of French and. 
German mathematicians in this field. The only works which, so far as we 
are aware, can be mentioned in this connection are as follows: 

Ranging, W. J. M.—‘“ Civil Engineering.” 1870. [Very brief and in- 
complete. | 

Humser.—“ Strains in Girders.” American Ed. New York: Van 
Nostrand. 1870. [Graphical constructions, holding good only under the 
supposition that the end spans are so proportioned that the girder may be 
considered as fixed at the intermediate supports, for full load.] 

Stonry, B.—‘“ Theory of Strains.” London, 1873. [Very brief notice 
of the subject. Points of inflection are found for full load, and the flanges 
then cut at these points. ] 

Herret, J. M.—Phil. Mag. (London), Vol. 40, p. 446. 

Also Minutes of the Proceed. of the Inst. Civ. Eng. [Excellent papers, 
which might well have been followed up.] 

In the latter publication also: 

Betit, W.—Vol. 32, p. 171. 

Sronry, E. W.—Vol. 29, p. 382. 

Barton, JAMEs.—Vol, 14, p. 448, 

In American literature: 

Frizzett.—‘ Theory of Continuous Beams.” Jour. Frank, Inst., 1872, 
[Development of the subject according to Scheffler. See 3.] 
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Greenz, Cuas. E.—‘‘Graphical Method for the Analysis of Bridge 


Trusses.” Van Nostrand. 1875. [Force and equilibrium polygons are 


used, but the moments at the supports are found by an original method of 
approximation, or balancing of moment areas. | 

HERSCHEL, OLEMENS.—“ Continuous, Revolving Drawbridges.” Boston, 
1875. [The formule of Weyrauch are made use of. The case of ‘second- 
ary central span” is for the first time investigated, and the appropriate 
formule given. The fact that the live load reactions for supports out of 
level are unchanged, provided the dead load reactions are zero, is also for 
the first time clearly stated. The draw span is thoroughly treated, and the 
idea of weighing off the reactions at the piers of a continuous girder sug- 
gested. ] . 

MERR™AN, MansFIetp.—“ Upon the Moments and Reactions of the 
Continuous Girder”—Journal of the Franklin Inst. for March and April, 
1875; Van Nostrand’s Eng. Mag., July, 1875, August and Sept., 1876; 
London Phil. Mag., Sept., 1875, ‘On the Theory and Calculation of Con- 
tinuous Bridges,” D. Van Nostrand, New York, 1876, 16mo, pp. 180; as 
well as the formule contained in Chapter XIL of this work. [By the aid 
of the properties of the Clapeyronian numbers, Mr. Merriman has deduced 
new and general formule eminently suited for practical use. Also relations 
are deduced from which tables for moments and reactions may be drawn 
up to any desired extent by simple additions and subtractions, indepen- 
dently of the general formulw, (See Chap. XII.) The simple girder 
appears as a special case of the continuous girder. The formule are, in 
respect to simplicity and ease of application, superior to any heretofore 


given.] 
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CHAPTER XIV. 


THE BRACED ARCH, 


187, Different kinds of Braced Arches,—Just as in gird- 
ers, We may distinguish between the solid beam, or “ plate gird: 
er,” aid the open work, or framed girder ; so, regarding the arch 
as a bint beam, we may distinguish the braced arch and the 
solid aryh, or arch proper. “The strains in the various pieces 
compositg the braced arch may be easily found by the method 
of Arts. 8-15, or by calculation by the method of moments of 
Art. 14 fo; any loading, ¢f only all the outer forces acting 
upon the ark are known ; that is, sosoon as, in addition to the 
load, we know also the reactions at the abutments, or the hori- 
zontal thrust \nd vertical reactions at the points of support, and 
the moments, if any, which exist at these points. 

We may distnguish three classes of braced arches: viz., Ist. . 
Arch hinged at\both crown and springing; 2d. Arch hinged 
at spring line oy—continuous at crown; 3d.. Arch continu 
ous at crown and Yzed at abutments. 

158, Arch hinged at both Crown and Abutments,— This 
form of constructioy. [P]. 23, Fig. 90], owing to the hinges at 
crown and abutments, affords for live load but little of the 
advantage of a true ach. It is, in fact, an arch only in forth, 
but in principle is mor nearly analogous to a simple triangular 
truss of two rafters, thee rafters being curved and braced ; the 
thrust being taken by tie abutments, instead of resisted by a 
tieline AB 

The case presents no epecial difficulty, and may be easily 
calculated or diagramed, frovided that not more than two 
pieces, the strains in which yre unknown, meet at any apex. 
Thus, in Pl. 23, Fig. 90, the sultant at the abutment due tc 
any weight P being known, it Day be directly resolved into. the 
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two pieces which meet there. The strains in these two pieces 
being thus found, those in two others in equilibrium with each 
of them may be obtained. In Art. 13 we have already illus 
trated the method of procedure for such a case, as also the 
method of finding graphically the resultant at crown and abut- 
ments due to any pusition of the weight. 

Thus the resultant at the crown for the unloaded half-must, 
for equilibrium, pass through the hinge at B also. Its diree 
tion is thus constant for all positions of P upon the other half. 
The resultant for the other half must then pass through @ aad 
the hinge at A (Fig. 90). 

We have then simply to draw a B, aie P to intersection 
a, and draw aA. Aaand Baare the directions of the resul- 
tant at A and B, and by resolving P along these lines, we may . 
find the vertical reaction V =a and the horizontal thrame 
H=cd. 

We can thus easily find the reactions at the abu‘ments in 
intensity and direction, and following these reactiors through 
the structure, as illustrated in Arts. 8-13, Chap. L,can deter- 
mine the strains upon all the pieces for any postion of the 
weight. A tabulation of the strains for each weight will then 
give us the strains for uniform load as well as I've load, as al- 
ready explaiued in the preceding chapter, Art. 756. | 

There must be only two pieces meeting atthe abutments, 
Thus the pieces in Fig. 90, represented by }roken lines, can 
serve only to support a superstructure, or trasmit load to the 
arch, and have no influence upon the strains.n the other pieces. 

If the span AB = 2a, the rise of the arch is A, and the dis- 
tance of the weight P from the crown is «. positive to the left ; 
then taking moments about the end B, we have 
P (a+ aw) 


2Va=P(a+2),or V= oa 


Similarly, taking moments about the wown, | 
Va—Pe P(a—2): 
h ~ .) (SRS 
The same formule apply for a weght upon the other half, for 
V and H at the other end. 
The values of V and H can ewsily be found from these for- 
mulee, and the strains then calcalated by moments, thus check- 
ing the diagrams, If these -eactions are found for the givep 


—Va+Hh=—Pe2, or H= 


CHAP. XIv.] THE BRACED ARCH. 257 


dimensions of the centre line, we may, if we choose, suppose 
the depth of the arch to vary above and below the centre line 
equally, from the crown to ends. The lever arms of the pieces, 
‘and hence their strains, will be different, but V and H are the 
same as before. Thus, whatever the shape of the arch, we can 
easily find the strains both by diagram and calculation. If we 
draw a line through A and the hinge at crown, we may easily 
prove that the greatest vertical ordinate between this line and 
the arch is 


EY | 2 ee peas erly * oa 
ner 40+ 4h rao e+k ?; 


where 7 is the radius. 

Now if the depth d of the arch is made greater than this or- 
dinate, it may be shown that both flanges will always be in 
compression. This condition serves, then, to determine the 
proper depth of circular arch, which should no¢ be Jess than. 


d+ Bo, 
a 


It is unnecessary to give here an example.* The method is 
so simple that the reader will find no difficulty in applying the 
principles above to any case. He will do well to calculate or 
diagram the strains in an arch similar to that shown in the Fig. 
for comparison with the two cases which follow. 

159. Arch hinged at Abutments—continuous at Crown, 
—If we suppose the hinge at the crown removed—those at the 
abutments being, however, retained—then, for any position of — 
the weight, the resultant at each end must for equilibrium 
pass, as before, through the end hinges. In the preceding 
case, a, for load on left half, was always to be found at intersec. 
tion of weight with the line through B and hinge at crown, and 
was therefore fully determined. Now, however, a, the com- 
mon intersection of weight and resultant abutment pressures, 
has a different position, and hence the resultants and horizon- ° 
tal and vertical reactions are different. 

If we can find or know the Jocus or curve in which this point 
a roust always lie, we can easily find, as before, the resultants 
or reactions by simply prolonging the line of direction of the 
weight till it meets this /ocws, and then drawing from the point — 


17 * See Note to this Chap, in Appendix, 
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of intersection lines to A and B, and resolving P in these direc-. 


tions. 


The equation. of this locus can be found analytically without 


much difficulty. 
1st. Parasorio Aro.—Thus, for a parabolic arc, we have * 
32 a*® h 


THE BRACED AROH, 


45 6e—ay 


Where [P1. 23, Fig. 91] @ is the half span, and / the rise of 
the arc; x the distance of the weight from the crown, and y 


the ordinate N dof the locus ed ez hk. 


For a given are, then—that is, a and 4 given—we have only to 
substitute different values for x, as # = 0, 0.1, 0.2, ete., of the 
span, and-we can easily find the corresponding ordinates y, and 
thus construct the locus cdezk, It is then easy to find the 


reactions at A and B for any position of P, as above indicated. 


The vertical reaction at the abutment may also be Boo 


found by moments—thus, 


. These values, pac not needed for the construction above, 
may be of use, and are therefore given. 


V,x2a=P(@+2), or i= 2 @+e 
The horizontal thrust : 


H, == 


5 p Gala midnw), 


a 


In the following 


tables we give the values of H and y for different values of @: 


3 
7 
3 


fy 


: 
4 


x H y x H y 
0 0.3906 1.280 0.5 0.2783 1.847 
0.1 0.3859 1.283 0.6 0.2320 1.379 
0.2 0.3706 1,290 0.7 0.1797 1,415 
0.3 0.3490 1.304 0.8 0.1226 1.468 
0.4 0.3176 1.322 0.9 0.0622 1.527 
0.5 0.2783 1,347 1.0 0. 1.620 

a ‘—@ 
a Pe hh A .& Pe A A 


* For the demonstration of the analytical-results made use of in this chap- 
ter, we refer the reader to Die Lehre von der Hlasticitit und Festigheit, by B. 


Winkler. Prag, 1867. . See.also the Supplement to this chapter. 
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From the table, a and / and P being known, H and y can be 

found for the successive positions of P at 0.1, 0.2, ete., of a, or. 
& 
h 
H, and / by the tabular number for y. 


2d, Orrcutar Aro.—For a circular are we have for the equa- 
tion of the locus ed eth [Fig. 91], 


1+Ber 
Y=T—An™ 


the half span, by multiplying P — by the tabular number for 


I 
where « = AP I being the moment of inertia of the constant 


cross-section, A its area, and 7 the radius of the circle: also 
where 

(sin? a—sin® 6) (a—3 sina cosa + 2a cos? a) 
sin a [sin? oa—sin® 8 + 2 cosa (cos B—cos a)—2 cosa (a sina—f sin 8)! 


a being the angle subtended at centre by the half span, and 


Yo=r 


pee 2 cos a (a sin a — # sin £) 
~ sin’a — sin® 8 + 2 cosa (cos 8 — cosa — asina + Bsin B) 


2 a cos’ a@ 


© Sia —sulna coe a+ Dt cost a) 


or, approximately, 


ae 6 a? 
es 5 a? — B? 1 /R\? 
of) 
5 \a 
Tits 1b a 
~ 4at 644” 


where f is the angle from crown to weight. . 


- = the square of the radius of gyration, or, approximately 


the square of the half depth, hence « = a approximately. 
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For the exact values of A and B, we have the following table: 


B | a= 0|a=10° |a=20°|a=30° |a=40° |a=50° |a=60° |a=90° 


0 | 1.20 | 1.19 | 1.17] 1.14] 1.08 | 1.00 | 0.88] 0 
0.2 | 1.21] 1.20 | 1.18 | 1.15] 1.10} 1.01 | 0.90} 0 
0.4 | 1.24] 1.24] 1.21 | 1.18] 1.18 | 1.05 | 0.94] 0 4 
0.6 | 1.29 | 1.29 | 1.27 | 1.24] 1.20) 1.18 | 1.02] 0 
0.8 | 1.88 | 1.88 | 1.36 | 1.84] 1.380 | 1.24] 1.18] 0 
1.0 | 1.50 | 1.50 | 1.49 | 1.47 1.45 1.41 | 1.36} 0 
Bl a 0.284; 0,233) 0.221] 0.203) 0.178) 0.146} 0.107) 0 7 


For the values of y we have the following table : 


B a=0 | &4=10° | a=20° | a2=30° | a2=40° | A=50° | a2=60° |a=90° 


0 | 1.280 | 1.282 | 1.288 | 1.800 | 1.3816 | 1.340 | 1.375 | 1.571 
0.2) 1.290 | 1.202 | 1.298 | 1.309 | 1.3827 | 1.348 | 1.880 | 1.571 
0.4} 1.822 | 1.824 | 1.3820 | 1.340 | 1.354 | 1.874 | 1.403 | 1.571 


0.8} 1.468 1.469 1.471 1.476 1.483 1.490 1.504 | 1.571 
1.0} 1.600 1.600 1.599 1.597 1.594 1.591 1588 | 1.571 
a Ah 


0.6 | 1.379 | 1.380 | 1.885 | 1.893 | 1.405 | 1421 | 1.443 | 1.571 


It will be seen that for the semi-cirele the locus is a straight 
line, for which y= 4mar =1.5708r. Thus, for any given case 
—that is, I, A and r given—we can easily calculate «. Then 
from our tables, for given value of a, we can find A,B and y for 


values of 8 of 0, =?,ths, ;ths, ete., of a. These values inserted’ 


in the equation for y above, will enable us to plot the curve or 
locus cd ei k, which being once known, the rest is easy. We 
have thus by a union of analytical results with our graphical 


method a very easy and practical solution of this important’ 


case. We may, if we choose, only use our method to determine 
the horizontal thrust and vertical reaction as shown by the Fig. 
91, and then calculate the strains by the method of moments. 
The availability and ease of the method here given, as com- 
pared with calculation, will be seen from a consideration of the 


‘yr. 


~~ 


a 


A ae ee 


2 
ala! 
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analytical formule for the horizontal thrust and vertical reac- 
tion at A. Thus, for the vertical reaction, we have, as before, 
simply 


P 
pam ny SR x 
Vi aq @ + 2) 


For the horizontal thrust, however, we have the following 
very clumsy formula: 


sin® « — sin? 8+ 2cos «(cos S—cos a) — 2(1+«)cos« (asin «—fsin f) 


"=, anal 2[a — 8sinacosa + 2(1 + *) a cos? a] 


For the semi-circle, this reduces to 
cos’ B 


T 


H=P 


b) 


aa where A is the area and I the 
moment of inertia of the cross-section, 7 the radius of the arch, 
and the angles,a and 8, as represented in Fig. 91, viz., the 
angle of the half span, and the angle to the load, subtended by 
e. The first of the above formule is sufficiently simple, and 
by it we may check the accuracy of our construction. Thus 
having plotted the curve cdezé& by the aid of our expression 
for y and the tables above for any position of P required, we 
draw d@ A @B, and resolve P along these lines, thus finding V 
and H [Fig. 91]. We can then calculate V from the formule 


«x being, as before, = 


above, viz. V = = (a+). If this calculated value agrees 


with that found by diagram, we may have confidence that the 
curve is properly plotted, and hence that the value of H is also 
correct. Thus, with very little calculation and great ease, 
rapidity and accuracy, we can find the reactions at the end A 
for any given position of P in,any given case. These reactions 
once known, we can easily find the strains either by diagram, 
as illustrated in Chap. L., or by calculation by the method of 
moments of Art. 14. 

160. Arch fixed at Abutments—continuous at Crown. 
This is by far the most important case of braced arch, as by the 
continuity of the crown and fixity of ends we obtain all the 
advantage possible due to the combined strength and elasticity 
of the arch. It is also the most difficult case of solution, as the 
formule obtained by a mathematical investigation are complex, 
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and give rise to tedious and laborious computations in practice. | 
A method combining simple analytical results with graphical 


construction similar to the preceding, will, however, obviate 
these difficulties, and bring the subject fairly within the reach 
of the practical engineer. _ 

In the present case, as before, the common intersection of the 


weight and the reactions lies in a curve, the equation of which. 


may be found, and the curve itself thus plotted for any given 
case. 

But this curve, or locus, IL K [Pl. 24, Fig. 92] being con- 
structed, in order to find the directions of the reactions which 
now no longer pass through the ends of the arc A and B, it is 
necessary to find and construct also the curve enveloped by these 
reactions for every position of P; that is, the curve to which 


these reactions are tangent. If, then, these two curves are con- 


structed, we have only to draw through L [Fig. 92] lines tan- 


gent to this enveloped curve, and we have at once the reactions — 


in proper direction, and by resolving P along these lines, can 
easily find their intensities, and therefore V and H, as before. 
1st. Parazorio Arc. 

For a parabolic are we have for the locus ILK, y=}/; 
that is, the locus is a straight line at 4th the rise of the arch 
above the crown ; since we now take y as the ordinate to the 
locus measured above the horizontal tangent at the crown. The 
origin is, therefore, at the crown instead of at the centre of the 
half span, as in the previous case. 

For the second curve, or curve enveloped by the reactions, we 
have,* taking v as the abscissa and was the ordinate of any 


2 a wp — CBG + Wawt bah 
Bata’ 15(@+a)(8a+ 2a) ~ 
where, as before, a is the half span, / the rise, and @# the dis- 


tance of the weight from crown. . For «= 0, v= 3a, and 
w=2h. Forvw=a,v= 7a, andw=Zh For e=—a, 


point [Fig. 92], »= 


v=ad, and w=—o, Eliminating # from both equations, we 
5@—S5av+2v 
have 1B aa) h, 


Hence the curve enveloped by the reactions is on each side an 


* For the proof of all the expressions assumed, see the Supplement to 
chapter. 
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Ayperbola, which has for asymptotes the vertical through the 
abutment and a straight line which cuts the axis of symmetry 
of the arch at the point 4 [ Pl. 24, Fig. 93], 4 2 under the crown, 
the tangent at the crown at $ a@ from the crown, and the chord 
of the arc at — 6 @ from the centre. The centre of the hyper- 
bola is at ¢, 4; & below the horizontal through the crown. The 
two hyperbolas osculate at the point } @ vertically below the 
crown. [See Fig. 93.] 

As an aid to the construction of these hyperbolas, we give the 
following table: 


x C7) w x v w 
— + + + + oo 

1 1.0000 @ 0 0.6667 0.5111 
0.9 0.9524 2.7721 0.1 0.6452 0.4897 
0.8 0.9091 1.5455 0.2 0.6249 0.4722 
0.7 0.8695 1.1065 0.3 0.6061 0.4577 
0.6 0.8334 0.9999 0.4 0.5882 0.4463 
0.5 0.8000 0.7600 0.5 0.5714 0.4349 
0.4 0.7693 0.6756 0.6 0.5555 0.4258 
0.3 0.7407 0.6155 0.7 0.5405 0.4160 
0.2 0.7144 0.5714 0.8 0.5263 0.4102 
0.1 0.6897 0.5377 0.9 0.5128 0.4053 
0 0.6667 0.5111 1.0 0.5000 0.4000 
a a a) a a h 


From the table it is easy to construct the hyperbola for any 


given case. We have, of course, a perfectly similar hyperbola 


for the other half, its centre ¢ being, similarly situated with 
respect to the crown, to the right of c. We have then simply 
to draw a line through the intersection m of the weight P 
[Fig. 93] with the line 7%, at + above ¢, tangent to the hyper- 
bola, and we have at once the direction of the resultant. This 
tangent may be drawn by eye, or geometrically constructed if 
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desired.* A similar tangent to the hyperbola on the other side 
determines the direction of the other reaction. We can then 
resolve P in these two directions, and find at once V and H. 
The problem, then, so far as a parabolic are is concerned, is 
sufficiently simple and easy of solution. We have only to draw 
a straight line and two easily constructed curves. The formule 
for V and H and moment at crown M, are for this case also 
simple, and may be used for checking our results. They are: 


(a — a) (8 a@—10aa—5 2?) 
a > 


M, = — yy P 


ah ’ 
where, as before, a is the half span, / the rise, and x the dis- 
tance. of weight P from crown. A negative moment always 
indicates tension in lower or inner flange. 
2d. Crrcutar Aro. 
In this case we have for the locus IL. K [Fig. 92], for small 
central angles a, the equation : 


“yee gf x 
y=+h[1—a0% anna e ; 


nay pie v=ype—90 wes | 


a, h, and # being as above, and g? = Z = the square of radius 


of gyration; A being the area and I the moment of inertia of 
cross-section. 
[ote—In all the cases hitherto considered, or which we 
shall consider hereafter, the cross-section is assumed constant. | 
According to the exact formula, which is too complicated to 
make it desirable to be given here, we have the following 


* For the construction of a tangent to a conic section, see Appendix, Fig. 4. 
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TABLE, FOR VALUE OF ¥Y. 


B a—0° a — 30° a—60° a— 90° 
0 0.200 0.211 0.252 0.329 
0.2 0.200 0.210 0.246 - 0.312 
0.4 0.200 0.207 0.236 0.280 
0.6 0.200 0.202 0.217 0.228 
0.8 0.200 0.197 0.200 0.158 
1.0 0.200 ‘0.188 0.151 0.082 
a. h 


Instead of determining the curves enveloped by the reac- 
tions, the expressions for which are in this case somewhat com- 
plicated, it will be found preferable to find the distances ¢ 
of the éntersections @ and f of the reactions [see Fig. 92] with 
the verticals through the centres, of gravity of the end cross- 
sections. For small central angles a, we have 


OOOCIIEN ity Greer 
“=~ Ba@-at7t ARP 


' where a, h, A and a, have the same signification as above. 
Since I divided by A equals the square of the radius of gyra- 
tion = g*, we have 


For braced arches when the material is nearly all in the 
flanges, the material in the bracing being very small, we may 
call the radius of gyration half the depth of the arch measured 
upon the radius from centre to centre of flanges; or represent- 
ing this depth by d, 
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mH 2h 45 Pa 
4 =~ 15(@— 2) ately 4h} | 


mat Qh 45 Pa 
a-Si oe |} 


[A negative result indicates that the distance is to be laid off 
below the centre of cross-section.) These formule are easy of 
_ application, and sufficiently exact for arches whose rise is small 


compared to the span; when = is, say, not greater than 35. 


All the above formule are for constant cross-sections. Exact 
formule for variable cross-section give results but little Zess, 
and. are much more complicated. The effect of using the above 
formul is therefore, merely, to inerease slightly the coefticient 
_ of safety. In other cases we can easily plot the direction curve 
from the Table of Art. 20, page 301, It is well to do this in 
all cases, and thus check our values for ¢, and ¢,. — . 

161, We are now able to determine readily and aceurately 
the strains in the various pieces of braced arches hinged at 
crown and abutments, and hinged at abutments only. We 
have only to construct in each case the reactions at the abut- 
ments, as explained in Arts. 158 and 159, Figs. 90 and 91, and 
then, by the method already detailed in Arts. 8-13, we can fol- 
low these reactions through the structure, and thus find the 
strains in each piece due to every position of the load. We 
may also, having found the .reactions for given position of 
weight, calculate the strain in each piece by moments. 

For the case of the arch continuous at the crown and jiwed at 
the abutments, we must remember that we have also a moment 
at each end tending to cause either tension or compression in 
the inner flanges according as it is negative or positive. The 
case is precisely analogous to the continuous girder, or girder 
fixed at ends. As in that case [see Fig. 77, Art. 111] the 
moment at one end, as B, was the product of H into the vertical 
distance B D, so here the moment at A (Figs. 92 and 93) is the 
product of H into ¢, found by the formule above. This 
moment can, then, be easily found when ¢ and H are known. 
We can then lay it off, according to the directions of Art. 125, 
for “ passing from one span to another of a continuous girder,” 
and thus commence our diagram of strains; or we can cal- 

culate the strains by the method of moments. 
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162. Illustration of Method of Sotution.—As an illustra- 
tion, take a portion of a braced arch, as represented in Pl. 24, 
Fig. 94. We have first to plot the upper curve or locus of 
Jor the given dimensions of the centre line of the arch. This 
curve once plotted, then, for any position of the weight, we have 
only to prolong P to m, and draw a line from m to the end of 
centre line if the arch is hinged at ends, or to ¢ at a distance 
¢,, above or below the end of centre line if the arch is fixed at 
ends; ¢, being easily found from our formule above. In sim- 
ilar manner, we draw a line from m to the other end, or %, 
Now these two lines are the resultants of the outer forces P, 
and by simply resolving P in these directions, we have at once 
V and H, while the moment at the end M, = — Ha, positive 
if it tends to cause compression in lower flange, or since ¢, is 
negative down, if it acts delow the end. 

We can now easily find the strain in any flange, as D, 
whether the arch vary in depth or not, provided only it is sym- 
metrical with respect to its centre line. Thus for D, take the 
opposite apex a as the centre of moments. The moment of H 
with reference to a, as shown in the Fig., tends to cause tension 
in D, while that of V causes compression. We have then, 
representing tension by minus, 

moment of V — moment of H 


strain in D = 
lever arm of D ? 


all with reference to a. If the result is minus, it indicates thus 
tension, if plus, compression ; if it is zero, the two moments are 
equal, and at a, therefore, no moment exists; hence @ must be 
a point of inflection. Note that H and V must be taken as act- 
ing at d, Fig. 94. We can also evidently take them as acting 
at the centre of the end cross-section, if we take into account 
the moment H (. ) 

In similar manner, for C we take 4 as centre of moments, and 
then, since H now causes compression in C and V tension, we 
have for V and H, acting at ¢, 

| moment of H — moment of V 


strain in C = ; 
lever arm of C 


For V and H, considered as acting at the end of centre line, we 


moment of H + He, — moment of Vv 


have C= le 
lever arm of 


taking ¢, without regard to its sign, but simply to the kind of 


268 ' THE BRACED ARCH. [CHAP. XIv. 


strain it tends to cause in the piece in question. Properly, 
since when H is below ¢ is negative, we should have —-Hg 
for moment causing compression in C.’ 

Thus we may proceed till we pass P, and then the moment 
of P, with its proper sign, as producing tension or compression 
in the piece in question, must also be taken into account, or we 
may instead take the moments of V and H at the other end, 
that is, the same side of the weight as the piece itself. 

The diagonals may be similarly found by moments. It will, 


however, be best to determine them by diagram, one of the 


flanges being first calculated (in this case the first upper flange), 
as explained in Art. 125. They may also be calculated from 
the resultant shear at any apex. Thus, for diagonal 3 find the 
vertical components of the previously determined strains in D 
and C. These vertical components, together with the vertical 
component of the strain in 3, must for equilibrium be equal and 
opposite to the total shear at 0. 
Calling this shear F, and a, 8 and y¥ the inclinations of D 

and 3, we have for the strain in 3, 


S, = (F — 8, sin a — & sin 8) cosy. 


_ If either of the vertical components of the strains in D or C 
acts opposite to the shear F’, it must, of course, be subtracted ; if 
in the same direction, added to F. For the ready determina- 
tion of the proper signs, see Appendix, Art. 16 (4). 


The moment H ¢ is the moment at the fixed end, and is con- — 


stant throughout the arch for any one position of the load. It 
causes tension in outer and compression in inner flanges, pro- 
vided, as in the Fig., ¢ fall below the centre of the end section, 
This moment is increased (or diminished if ¢ is above) by the 
varying moment of H for each apex. 

The above method of determining the strains in the braced 
arch, though not strictly graphical, but rather a combination of 
analytical and graphical methods, offers such a ready solution 
of this important and difficult case, that we have not thought it 
out of place to notice it somewhat in detail. We consider it by 
far the simplest and easiest method which has yet appeared. 

. 163. Analytical Formule for V and H,—A comparison 


of our method with the long and involved analytical expres- — 
sions to which the theory of flexure conducts us, will render its 


advantages still more apparent. 
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Thus, for a load of w per unit of horizontal leugth, reaching 
from left end to a point whose angle from vertical through 
crown is 8 (Fig. 92), a being the angle subtended by the half 
span, we have * 


Ae [4 sin 8 — hy w + hy + 4 sin “8 ], 


where R is radius of arch, and 


2sina sinacosa , sil’a 
2 hy —= + 


a ore le a tier 


k=a+t+sinacosa— 


. sina sin @ : 
q&=—, 4= — [a—sin acos a], and 
a 4a 


#=B8+2£Bsin’P + 3sin B cos P. 


For V we have 


in® i K 8 cosa—cos*a .. 
v- R[ cos a sin 8 _ sinB _ ip | 
“4 2 (a—sin a Cos a) 2 a—sinacosa 6 (a—sina Cos a) ect: 
. 3 
K— cos 8 1 BsinB cos B 


where 3 5 6 


For a concentrated load P for any point [Fig. 92], we have ¢ 


V= {5 ‘Be —8¢0B+P—3,(@—PyYA+.. |; 
or, more correctly, 


Vv =p %—8—sin « cosa — sin B cos B + 2 cos a sin 8 
Sie 2 (a — sin a cos a) 


For the semi-circle, this becomes 


v= p 7™—2R-— 2 sin 8 cos 8 
2% 


For H we have 


2 sin a [cos 8 — cosa + (1 + x) B sin 8] — (1+ «) a (Sin?a + sin? f) 


nada’ 2 ((1+ «) a (a+ sin a Cos a) —2 sin’ a} 


* Taken from Capt. Eads’ Report to the Lilinois and St. Louis Bridge Oo., 
May, 1868. 
t Die Lehre von der Hlasticitét und Festigkeit. Winkler. Prag. 1867. 
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where « = a3 I being the moment of inertia, and A area of 


the cross-section, and 7 the radius of circle. 

These formulee, it will be observed, involve much labor in 
any particular case. Where the number of weights is large, 
the computation is tedious in the extreme. A method which 
shall give accurate results and avoid such formule as the above 
is certainly very desirable, and such we believe to be the 
method which we have given. 

For the analytical investigation of arches, and the demon- 
stration of the formule for the curves of which we have made 
use, the reader may consult Die Lehre von der Elasticitaet und 
Festighkeit, by Dr. E. Winkler, to which we have already re- 
ferred, and which contains a thorough discussion of the whole 
subject. The tables which we have given, as well as the for- 
mule for ¥, ¢ and ¢,, will, it is hoped, give the method /here 
presented a practical value, and render the solution of any par- 
ticular case easy and rapid. 

164, For a solid or plate girder arch of given cross-section, 
we may also determine the proper proportions by finding, as 
above, the moment M of the exterior forces at any point. 


Then M:.= = 


where T is the strain per .unit.of area in any fibre distant ¢~ 


from the axis, and I the moment of inertia of the cross-section. 
Thus, for a rectangular cross-section I = 51, b d*, where 0 is the 
breadth and d the depth. 


Hence | M=1T dd’, 
if we take ¢ = . 


The strain, then, per unit of outer fibre will be 


The safe working strain should not exceed for iron 5 tons 
per sq. inch for tension and 4 tons for compression, and _there- 
fore d being assumed, we can easily proportion 6 so as to sat- 
isfy this condition. 

As examples of braced arches, such as we have considered, 
viz., continuous at crown and fixed at abutments, we may men- 
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tion the Bridge over the Mississippi River at St. Louis, by 
Capt. Eads ; one over the Elbe near Hamburg on the Paris: 
Hamburg R. R., in which, however, the outward thrust of the 
arch is balanced by a precisely similar ¢nverted braced arch, 
or suspension system. Thus the piers have to support a verti- 
cal reaction only, and the necessity of large and expensive abut- 
ments of masonry for resisting the horizontal thrust is obviated. 

The strains in the ¢nverted arch of this character are found 
in a precisely similar manner. The only difference is that the 
reactions, and therefore the vertical and horizontal components, 
act now in a direction opposite to the direction for the upright 
arch, and the strains, though the same in amount, are of re- 
verse character in each piece. 

The bridge over the Rhine at Codlenz is an illustration of 
the braced arch pivoted at the abutments only. 

Examples of the solid or cast-iron arch of all kinds are 
common. 

165. Strains due to Temperature.—In the first class of 
braced arches, viz., pivoted at both abutments and crown, there 
are evidently no strains due to changes of temperature. The 
arch can accommodate itself to any change of length by rising 
at the crown and turning at the abutments, and no strains are 
induced. 

We represent by e the coefficient of linear expansion for one 
degree [about 0.000012 for won, for every degree centigrade), 
and by ¢, the temperature above or below the mean tempera- 
ture 4, for which no strain exists. 

Then for arch pivoted at abutments only, we have for the in- 
crease of thrust,* . 

H— 2ETle¢sina 
/ ~ 97 (a — 3 sin a cos a + 2a cos*a) + 2x7" a cos’ a, 


where E is modulus of elasticity, I moment of inertia of cross- 


section, and « = a A being area of cross-section, 7 radius of 
arch, a the angle of half span, or, approximately, 
15BIez¢ 15HIAe¢t / 


H 


~PQat+ilbn) 8AMR+15T’ 
where / is the rise of arch. 


*Lehre von der Hlasticitat. Winkler, Also Supplement to this chapter, 
Art. 26. 
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For the moment at any point, then, due to change of temper- 
ature, we have ; 
M = Hr (cos 8 — cos a), 

8 being the angle from vertical to that point. 

This moment, if positive, causes tension in outer and com- 
pression in inner flanges, and we can, as before, easily find the 
corresponding strains either by diagram or calculation. 

For an arch fixed at ends and continuous at crown, we have 5 


2EHIe¢(1+x«x)asina ' 4 
r* [(1 + «) (@ + asin a cos a) — 2 sin *a)’ tie 


or, approximately, 


H = 


45EIlet 45 EIAc?¢ 
 (a'+45 x) 4AA?+ 457° 
But this thrust does not act at the abutment, since, if it did, 
there would be no moment there. It must be considered as 
acting at a distance for rise of temperature, below the crown of i 


Fe 


_ (l+«)a—sina : 
seg (lit«a.”’ 
or, at a distance above the end abutment of h — % 
Approximately, we have 
at Oe (Ad+6DHA 
~ tae 38Aa ” 


a being the half span. ‘a 

This thrust and its point of application being known, we can | 
easily find the moment, and hence the strains at any point. 
We see that the horizontal thrust is about six times as great as 
for the case of an arch pivoted at both ends. 

The constant moment acting at the abutment, which oe: be 
considered as acting at every point, is 

M, = — (2s — cos a) Hr; * 

it acts to cause compression in outer and tension in inner 
flanges at abutment. If we find this moment, we can then con- 
_ sider H as acting at the end, and then we have for the moment 


at any point 


* Capt. Eads’ Report to the Illinois and St. Louis Bridge Co., May, 1868. 


) . 
OHAP. XIV.]: THE BRACED ARCH. 278 


a positive result, giving tension, a negative, compression in the 
outer flanges. 

166. Effects of Temperature.—We are now able to solve 
accurately and thoroughly any class of braced arch, both for 
variable loading and changes of temperature, and here the fol- 
lowing remarks upon the latter subject may not be without 
interest. We quote from Culmann—Die Graphische Statik, 
p-.487 : 

“The question arises whether the fears which the additional 
strains, due to variations of temperature, have given rise to, are 
well founded. Before the construction of the Arcole Bridge 
in Paris the Engineer Oudry made various experiments with 
a rib of about the same span as the bridge itself, of which the 
’ following seems decisive as regards the present question. By 
driving in the wedges upon which the rib rested above and be- 
low, he could raise and lower the crown much more than the 
distance due to variation of temperature without diminishing 
its supporting capacity...... Oudry, having thus assured 
himself of the harmlessness of temperature variations, decided 
upon broad and firm bearing surfaces. 

“Interesting observations have also been made upon the 
changes of form of the cast-iron arch of 60 metres span over 
the hone at Tarascon, published in the Annales des Ponts et 
Chemins, 1854, from which, however, it only appeared’ that the 
changes of form followed slowly the temperature; that they 
were less than the received coefficients would have led us to 
expect, and were nowhere found to be prejudicial. 

“Since, then, this question appears to have been settled more 
than ten years ago, may we not fear that those who still wish to 
pivot ¢ron may some day seize upon the idea of pivoting stone 
arches also! 

“Stone, as is well known, expands not much less than iron 
for equal changes of temperature, and, moreover, its modulus of 
elasticity is much less. The expanded stone arch cannot accom- 
modate itself to the given span, therefore, as easily as the iron 
arch, and it would then be clearly more advantageous to pivot 
the stone arch! As, however, such a clumsy contrivance would 
give no great impression of stability, we feel justified in recom- 
mending a broad and solid bearing surface for all arches.” 

As the opinion of an eminent engineer, the above may not be 


without interest. We would only add that, according to the 
18 
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indicate. As will be seen in the Appendix, the temperature — a 
strains in the braced arch, fixed at ends and continuous at — a 
crown, are very considerable, and, if the formule are accepted 4 


_ as correct, can by no means be distSourded: By comparison of * 


our numerical results for the three cases of braced arch there 


given, it appears that the one hinged at crown, and springing, < 


is by far the best form of construction, but it must be remem- —¥ 
bered that a different proportion of span to height and depth 
may considerably affect this conclusion. Upon this point Ws oe 
refer the reader to Art. 28 of the Appendix. | 

With the above, we conclude our discussion of braced arches, 
or arches whose weight is not so great that the effect of the live 


load can be disregarded, and pass on to the stone arch, or arch < i. 


proper.* 


chapter. 


* See Appendix, Art. 17, for a practical application of the principles of this —_ 
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SUPPLEMENT TO CHAPTER XIV. 


DEMONSTRATION OF ANALYTICAL FORMULA GIVEN IN TEXT. 


In order to complete our discussion of the braced arch, we shall now 
give the analytical development of the formule of which we have made 
use in the preceding chapter. We do this the more readily, as in no book 
of easy access to the student are these formule made out. In the work of 
Winkler, already referred to in the text, will be found a very thorough 
discussion of the subject. We shall confine ourselves at present to the 
case of a single concentrated load.* 


CHAPTER I. 


GENERAL CONSIDERATIONS AND FORMUL& FOR FLEXURE. 


1. Fundamental Equations.—The resultant of all the forces act- 
ing upon a curved piece in a common plane may be decomposed into a 
force normal to the piece N, and into a compressive or tensile force in the 
direction of the axis or of the tangent to the axis G; and this latter force, 
if taking effect above or below the axis, acts to bend the piece, and gives 
rise to a moment M as well as to a compressive or tensile force G. These 
forces cause corresponding strains. Thus, if P is the tangential strain per 
unit of area da, then 


prseae ss. te OD 


while, if » is the distance of any fibre from the axis, 


‘fredaom flow leks Aaa Cet 4 
(a) Coefficient of elastioity. 


Let the length of a piece be 8, its area of cross-section A, and, as above 
G 
the force acting upon this areaG. Then 4 will be the force per unit of 


area. Let the displacement [elongation or compression] produced by this 


force F be A 8; the sign A indicating and reading ‘‘ elongation.” Now 


-* A full and.complete discussion of the whole subject will be found in ‘‘ Die 
Lehre yon der Elasticitit und Festigkeit,’’ by Prof. Winkler, Prag, 1867, from 
which the following is in the main extracted, 
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experiment shows that within narrow limits, é.¢., within the elastic limits, 
the elongation or compression is directly as the force of extension or com- 


pression. Supposing that this held true always for all values of As, then, — 


since a force ¢ produces a displacement A s, the force necessary to produce 


a displacement s, will be - times as great, Calling this force E, we have. 
_ ‘Ge 

shart As . 

The force B, then, is the force which would be necessary to produce a dis- 

placement 8 equal to the original length, if the law of proportionality of the 

displacement to the force always held good for all values of As. This 


Ges 
Bis 1 


value H= 


we call the coefficient of elasticity. 
From (8) we easily obtain for the force in the direction of the tangent 
to the axis 


G=HaA* rR oe SU ay tah” (4) 
and for the relative displacement 


(b) Fibre strain P, and moment M. 
As seen in eq. (1), the longitudinal strain upon an element of cross-sec- 
tion da is called P. In curved piece conceive two cross-sections, as 
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shown in the Fig., as AC BD perpendicular to the axis of the piece m n. 
Let these sections be infinitely near; then, the distance ba upon the azis is 
ds. Let ds, be the length of any fibre, as dc, before the change of form. 
Then, after deformation, its length is=ds,+Adsy. But if d¢ is the 
small angle between the normals, d sy =ds+wvdq, where » is the distance 
ac of any fibre from the centre of gravity of the cross-section. After 

‘deformation, ds becomes ds+ Ads, and dq becomes dp + Ad®q, and 
ds becomes dsy+Ads,. Hence the length of any fibre after deforma- 
tion is ds +Ads,=ds+ Ads+v0(dpt+Adp). 


Subtracting this from the eq. for d 8, above, we have 
Adsy=Ads+vAdd¢. 


Therefore the ratio of the change of length to the original length of fibre 
Ads,_ Ads+vAdd¢ 


di deaeae - 
dg _1 
If r is the radius of curvature, then rd ¢ = ds, yy ree, hence 
Ads,_ Ads Adq@y fr 
dsy a ae +2 de r+? e ° e ee (6) 


From eq. (1) we have the strain on a fibre P= 
As As 
From eq. a ee. Hence r=a—. In the present case 


a is given by (6); therefore 


Phe TF Ad¢d] r 
aay aye ds r+o (7) 


Since now from (1) G= / Pda, we have from (7) 


== Ads fda Ado frda 
gis (ieee "ds Jrve 


Since from (2) M= | Poda, we have again from (7) 


M al Add frda 


af ds rot” ds r+o 


reda 
But fT; ean is, when » is very small compared to r, equal to 


of o* da, which is the moment of inertia of the cross-section I, Also, 


<¢ oda 
== faa- Wires 
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1 ford I onl 
ae Segre += faa-; fod a+ » eG =A + Gar because” since 


e is measured from the centre of gravity, f oda=0. 


s oda oda 
Again, (235 fod {[FA--F 


Therefore the insertion of these values of the integrals in the equations 


for & and ™ above gives 
E E 


Sf¢ Ads 
oi: 


M Adg Ads 
Er “ds  rdslr 


Ads, ™ 
Inserting the second in the first of the above equations, S = ad A- sp 


and hence 
Ads G@ M 
ds BA*HBAr 
Inserting this in the second equation above, 


adp ™M M G 
ade Bi SAP 'RAe * 2 (9) 


Sate s+ a 


(c) Change of length and position of awis. 
From (8) we have at once for the elongation of axis, 


abt \e ae 


or, when 0 is very small compared to 7, 


asa [aae. 6 ie) phe, wo! Cea 


From (9) we have for the change of direction of the tangent to the axis 


seal (7 eit Ky) or from (10) for r 
constant, that is, for a circle, 
a a oe. ee « see 
When ¢ is very small compared to 7, we have 


Ab= = ad \ ed te 
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If the piece had been originally straight, d Ad would be equal to d@ q, and 


Er 
peal = ee = i, hence from (18) we have M =——. 


t= ; , OF, approximately, r= wha! 
ay ay 
d¢ 
ad’y 
hence MSHS wwe we MB) 


This is the equation assumed in the Supplement to Chap. XII, Art. 2. 


2. Displacement of any point.—We indicate the horizontal dis- 
placement of any point of the axis along the axis of # by Aa, along y by 
Ay. The corresponding changes of dz, dy, and ds are Adz, Ady, Ads. 
The total horizontal displacement is then da+Ada=(ds+ Ads) cos 
(p+4 9). The total vertical displacement i isdyt+Ady=(d8+Ads) sin 
‘(6+4¢). Hence, since Adw=dAz, Ady= day, 


dAu2=(d8s+Ads) cos (p+ Ad) —da, 
dAy=(ds+Ads) sin (P+ Ad) —dy. 


By Trigonometry, cos (6 + A ¢) = cos d cos Ag — sin ¢ sin A , 
sin (6+ A) =sin cos Ag + cos ¢ sin Ad, or if cos AP=1, 


sin A d= Ag, cos p = 5°, sin = 54. 
cos (f+ Aq) = e494 
sin (6+A4) = 92 +4652. 


Substituting these in the equations above, 


dAw=(da—Adgdy) (5) — da, 


Ads 
dAy=(dy+Agdz) (1 +"G7)- ay, 


or, removing the parentheses, and neglecting quantities of the second order 


with respect to A and “."5, 


a2 


Ads 
dAw=—Agddy+ ai 


Ad 
dAy=+Agdat say 


> im Uy sath aural ess geek with settings 


ness of the beam, and the relative change of length “2* is ¢ 


we have simply 


dAy=Ad¢dz. 


But from (12) A ¢ is equal to a+ Ae; 


or, in the above case, A¢d= 
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CHAPTER II. 
HINGED ARCH IN GENERAL. 


3. Notation—The outer forces in general,—We suppose the 
ends of the arch to be hinged at the abutments at the centre of gravity of 
the end cross-sections. Then the end reactions must pass through these 
points. These end reactions and the loads constitute, then, the outer forces, 
For equilibrium, then, the horizontal components of these reactions must 
be equal. Each of these components we call the horizontal thrust. 

We use the following notation [Pl. 23, Fig. 91]: 

R and R’, the reactions at ends A and B, 

V and V’, their vertical components, 

H, their horizontal component, or the thrust. 

a, the half span. 

h, the rise of arch. 

a, the half central angle, if arch is circular. 

The origin of co-ordinates we take at crown, x horizontal, y vertical. The 
angle of radius of curvature at any point with y, or of tangent to curve at 
any point with 2, we call ¢. 


THE OUTER FORCES IN GENERAL. 
Suppose a single load P to act at any point E. Let its horizontal dis- 
tance from crown be 2, the corresponding central angle HOC be £. 
Then the conditions of equilibrium are: 


V+vV'=P, 
' Va—V'a-—Pz2=0. 
From these last, we have 
v=P o> 
le se eee es CF 
sa 2a 


For a circular arc, since a= rsina, z= rsin f, 
sina + sinB 
2sina 
We distinguish three segments in the arch [Fig. 91], viz., A B, or from end 
to the load; EC, or from load to crown; CB, or from crown to right 
end. Quantities referring to the second we indicate by primes, to the 
third by double primes. Thus for the tangential component of the result- 
ant at any point within AE, we put G; for the normal component, N, 

In EO, then, we have G' and N’; inCOB, G’ and N’. We have then 


ee )__ p Sina —sin8 
4 », V= P—_——_ sanc eee GY 
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G=-— Heos¢ — Vsing, G = — Heos¢ + V'sing | 18 
N= — Hsin ¢ + Vcos q, W = meng viene ) 
M=H(h—y)—-V(a—2), M =H(h—y)—V (@+2).. (19) 


In the case of a circular arc, a=rsina, h=r(1 — cosa), s=rsing, 
y =r (1 — cos¢), and hence 


M = Hr (cos — cos a) — Vr (sin a — sin ) 
M’ = Hr (cos d — cos a) — V'r (sina + sin d) 
4, Intersection Line.—We call the locus of d [Pl. 23, Fig. 91], or 
the curve cd eik, the intersection line. 


If now there are three hinges, one at crown and one at each abutment, 
then the resultant for each half must pass through the crown ©. If, there- 


ee 


fore, for the crown (e7=0, y=0), we make in (19) M’=0, we have H=Vv‘, 
or inserting the value of V’ from (16), 


=a ttt ee BD) 


If the load lies to the left of O, then only the resultant R’ acts upon the 
right half, and must pass, as albove, through the crown C. The point d 
lies then always upon BC or AC prolonged. Hence, the intersection lines 
are two straight lines, which pass through the crown and ends. 


5. Parabolic Arc—concentrated Load.—For a parabola we 
have y = 4 w* ; hence, d UF ede, and, approximately, ds =d a. 


(a) Change of direction of tangents, 
Inserting this value of y in equations (19) for M and M’, we have from 
equation (13), Art. 1, since rd ¢ = ds = dz for the change of direction of 
the tangent at any point before and after flexure, 


Sishor [#2 (1 - =) — Vi(a- a) |aa. 
Integrating this, we have for the three segments AEB, EC and OB, 


a? 
EIAg¢= Hhe(1—37,)- Vaa(1— x) +4 


2 
BIAg! =Bhe(1— a) ~Viae(1+ ot) +a cow'e (22)5 


8 a? 


EIAdg¢’= =Hha (13) - Viae(t +3) +A’ 


where A, A’, A’ are constants of integration, to be determined by the as- 
signment of the proper limits. Thus, if we make # =, the two first of. 


equations (22) are equal; hence, 


Var (t-f)+a=—wae(1 +95) +4 


‘ 
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and accordingly A— A’ =(V—V')az—4(V+V')2. SinceeV+V'=P, 
and from (16) V—V’'=P -, we have, 


BS FRR eR 
(6) Horizontal displacement. 
- Inserting the value of dy for the parabola, viz., ay = a ada, and the 


value of M from (19), and inserting in this last the value of y, viz. 


y= 2 a*, we have from equation (15), Art. 2, 


2h x x 
Hidsg=——] [sre(1 a) —Vaa(t ~35) +A|ada. 


Integrating this, we have for the three divisions of the arch, as before, 
a. BA ee _ 8a 
BlAgw= a [tHe € es +Vaz? (2 5) tiAw+B ] 


Brae =— 24 (yrs (1— @) avian (142%) +4.A/22 +B’ | > (99) 


BIAg’= ~2A7 ass (1 a) —4V' ax (1 +52) +4A/22+B"| 


For the point B, or « = z, we have from the two first of these equations, 
B-B =} (V-V)a2—-—14(V + V))2e*—4(A—A) 2’, that is, 


B— Bis — Pe Pot nn be ie 0’ oR) 


For the crown, = 0, and the second and third equations are equal, 
hence 


Sea Bre ka See Se 


For the left end, that is, for 2 = a, since the end of the arch must not slip, 
we must have z’ —a2=0. Soalso for the right end, fore’=—a, There- 
fore, from the first and third equations, putting B’ for B’, we have 


ft Ha'h—#Vat+tAa? +B=—0, 
—#Hah+ Vi at +4 A’ ao’? +B =0. 
By the addition and subtraction of these equations, we have, since 
V+V'=P, and (V—V')a=Pz, 
#rPaie—}(A+A')a?-(B+B)=0.... AV.) 
Ys Ha h—-+P(5a* + 24) +4(A—A’")a?=0.. (V.) 
We might, in a precisely similar manner, form three equations similar to 
(23) for the vertical displacement Ay. This would introduce three more 
constants and four more equations of condition between them. By the 
nine equations I. to IX. thus obtained, these constants may be then deter- 
mined in terms of the known quantities H, 4, P, @ and 2, and thus the 


change of shape at any point may be fully determined. 
The complete discussion, as indicated, is unnecessary for the purpose, wé 
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have in view, and we shall not, therefore, pursue it further. We have 
already all the general formule of which we shall need to make use in the 
discussion of the parabolic arch. 

6, Circular Arc—concentrated Load.—In a perfectly similar 
manner we may make out analogous formule for the circular arch. Thus, 
referring to equation (8), Art. 1, and inserting for G and M their values as 
given in (18) and (20), Art. 3, we have for the force in the direction of 
the axis (see eq. 4), 


BAW! — — Hosa —Vsina 
isp Se 
EA ds =— Hcosa—V' sina 


Putting for H, Vand V’ their values from (21), Art. 4, and (17), Art. 8, we 
have, 


Ads sina + sin8 — 2cosasin§8 
HA——=-P 

ds 2(1 — cosa) (25) 
nase __ sina — sin8 ath 2 

ds 2 (1 —cos a) 


(a) Ohange of direction of tangents. 
Referring to equation (12), Art. 1, we have, since rdg=ds and r@=as, 


M Ads 
aos farrdg+ ee 
The value of M is given in (20), of was in (24). Inserting these values, 


ds 
we have 


s¢=a7/ [2 (cos d — cos a) —V (sin a—sin ¢) | a9 
~ 55 Hi 008 a + V sin a) dp. 


I 
, we have for 


Performing the integration,* and putting, for brevity, « = ey 


the three segments of the arc, as before, 

EBIA$=r?[ H(sing —¢ cosa) —V (sina + 0084) |—er?(Hoosa + Vein alo +A 
Blad/=r[H peas ome oo ieee a 
B1A¢” =r2[ H(sing— ¢ 008 a) — V’ ($ sin a — 0084) |— «73 (Ecos a+V’ sin a)¢ +a J 


For the point B, ¢=8, and the first and second equations become simul- 

taneous. Hence, after reduction, 
A—A’'=(V—V’) r* Bsina + (V + V’) r? cosB + « (V—V’) r* Bsina, 
sin B 
, hence 


But V + V’ =P, and from (17) V — V' = P——. 
sin a 


A-A'=Pr'| cos8+(1+e)8sing | oa Se 


* See Art. 7, following. 


; <teh o 
’ r - ee ; 
— eee 
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(6) Horizontal displacement. 
According to eq. (14), Art. 2, since e=rsing, y=r (1 —cos®), 
dz=rcosod, dy=rsingdd d, we have 


BrAe=—r f [Hr Ging —$ cosa) — Vr (sina + 005 9) 
—«x?r (Hcosa + Vsina) gd + A| sing ag, 


- cm f (cosa + Vsina)cospdd. 
The integration gives us the three equations, 


BiAc =—1°|H(¢¢ — sing cosg — cosasing + $008 2008 g) 
— V (sinasin g — psina cos + } sin’ ¢) | 
—«?r (Hcosa + V' sina) Gcosp — Ar(l —cosd) + B. 
Bi ad =—r| Hg — F8ing cosg — cosasin g + # cos a cos $) 
— V' (sinasin g — ¢ sina cos — 4sin’) | 
—«x?r (H cosa + V' sina) d cosh — A’r (1 — cosg) + B. 
BI Aa’ =—r'|H (4g — 4sing.cosg— cosasin p + ¢ cos a 008 $) 
—V' (sinasin g — $ sinacos p — } sin’ ¢) | 
— «xr (Hcosa + V' sina) ¢cos¢ — A’r (1 — cosg) + B’. 
For ¢=8, that is at the load, Aw must equal Aa’. 
Hence, after reduction, 
B—B =—}Pr* (2 + sin?8 —2cos8 — 28sin8) +x«PrBsin8 .. (I) 
For the crown ¢=0, and Aa’ = A2"; hence . 
oie ae eit led ey in 1G 


For the left end, ¢=a and Az=0; for the right end, ¢=—a and 
Aa’ =0; that is, 


— 4H?’ (a—38sinacosa + 2acos? a) +4V 7" (8sin’a — 2 asin acos a) 
—«xr* (Hcosa + Vsina)acosa —~Ar(1 —cosa) + B=0, and 
+4H?r (a —8sina cosa + 2acos* a) — 4 V' 7* (3 sin? a — 2asina cosa) 

+x (Heosa + V'sina)acosa— A’r(i — cosa) + B’=0. 

The subtraction and addition of these equation gives, after reduction, 

Hr’ (a—3sinacosa + 2.acos? a) 
— Pr? (8sin* a — 2asinacosa— 2—sin* 8 + 2cos8+ 28sin§) 
+xr* [2xtacos' a + P (asin acosa— Bsin 8) | 
+(A—A’")(i1—cosa)=0..... . AV) 
and 3 Pr* sin 8 (3 sina — 2a cosa) 

—(A+A")r(1—cosa) —xPr*acosasin8+B+B'=0. .(V.) 


Here, as before, $e dhall Toave. the Blsoutelnti; ox wo dad sles 
equations of which we shall make use. ~ . 

7. Integrals used in the above Discussion.—For ho 
of reference, we here group together the known integrals employed in the 
preceding discussion. et 


_[sinada=— cose, fcosade=sina 


oh an 


Cl he ie 


et ger rie 
2 oh 
- ee 

7 


{sat eda =42—4sina cons, [cost ada= ta+ sunsets 
[snecoseae= sin? 2. 
[svede= —} cose (2+ sin? 2), fcosteae= = joie ( + one a 
_[ six! ecosede = ysin®a, [sine cost ada= — 4008" @ 
fesinzde=sina—a 00s, I a coseda =cos#+asina 
ff vsint ade = a0! + ¢sin* e — delineneine: 
fvcost ede = iat pads Geilo. Bisco 


fvsinscoseds=% @asint tw + sin 2 cos 2). 
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CHAPTER IIL 
AROH HINGED AT ABUTMENTS ONLY — CONTINUOUS AT OROWN. 


A. PARABOLIC ARC—CONSTANT CROSS-SECTION—CONCENTRATED LOAD. 


8. Horizontal Thrust.—We can apply here directly the results of 
Art. 5. Thus, in equations (22) for z= 0, Ag’ =A" =0, hence A'= A’, 
If then in eq. (V.) of that Art. we put A’ for A’, and then for A — A’ its 
value from (I.), we have at once 
5at— 6a +e (5 a? — 2”) (a? — 2) 

a h — ts P a h oe (27) 
This is the formula which we have given in Art. 159 of the text, without 
demonstration. The thrust is greatest when the load is at the crown. We 


have then z= 0 and H=HP*. The value of V is given in Art. 3, 


H=7,P 


9. Imtersection Curve.—Denote the ordinate of the curve cdeik 
(PL 28, Fig. 91), taken above the line AB by y. Then we see from the 


Fig. that y = AN tang. dan=(a—9¥. The value of H is given 


above, that of V has already been found in Art. 3, eq. (16), viz., 
V=P = Hence we have, after reduction, 
_ 82ah 
Y= 5 6a—#) 
which is the equation already given in Art. 159, and from (18) and (19) 
the values of the table in that Art. have been calculated. 

The above values of H and V are simple and of easy application, not in- 
volving much calculation in any special case. Hence we can readily com- 
pute H and V, and thus check the accuracy of our method of construction 
given in Chap. XIV. 


Ce CE 


B. CIRCULAR ARC—CONSTANT CROSS-SECTION—CONCENTRATED LOAD. 


10, Horizontal Thrust,—Here we can apply directly the results of 
Art. 6. Thus, inserting in eq. (IV.) of that Art. A — A’ for A— A’, and 
taking the value of A— A’ from (1.), we have an equation for the deter- 
mination of H. This, after reduction, becomes 
sin? a— sin? B + 2 cos a (cos B —cos a) —2(1+kx) o0s a (a sin a—f sin B) 

2 [2 —3 sin a cosa + 2(1 + x) a con? a] 
which is the equation given in Art. 159 (2) of the text. 

For the semi-circle, a = 90°, sina = 1, and cos a= 0, and this becomes 
cos?8 

T 


H=P 


H=P—.,. 
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If we put 
A; =sin’* a —sin’ 8 + 2 cos a (cos 8 — Ma amne rR eRe 
A; = 2 cos a (a sin a — 8 sin §), 
B, = 2 (a —8 sin a cos a + 2 a Cos’ a), 
B, = 4a cos’ a, 
we have 


H= EB, oer 9 6. 9 6 \ e/\6-).e) 8 (29) 
But H, =P = is the value of H from the formula above, when the terms 
containing & are disregarded. hg 
We have also, by series (see Art. 20, following), 
A, = 1: (a? — 6’) [ (5 a? — 8’) — Fy (49 at + 84 a? B? —11 B) +...) 
= 2 (a? — 8’) [1-34 (40° +8") +...) 
=fra°(i-—x#a*? +...) B, =4a(1—a?+.. .) 
Approximately, therefore, since for A small with respect to a, the tan- 


gent may be taken for the arc, and hence dees — nl or a = —, we have 
ra he 2 5 
ee 24 6 a?* _ 15 _ 1544 
ba? —p 5 at[1— 2 (8) be 2 at 32 A* 


Hence, when rise is small compared with span, we have the approximate 
expression 


1 Sst K 
2 
tropics ow [i-2(F) | 
=H,——j-— = B tae 
MI pie ai 18” 
2 at 32 74“ 


By means of a table calculated for H,, for various values of a and 8B = 0, 
0.2, 0.4, etc., of a, the thrust can be readily found in any case from the 
above formula. 

We give in the following Tables the values of H., A and B, calculated 
from the exact formule. The formula for H above is thus made of easy 
practical application, without tedious calculation, and the results given by 
the method of Chap, XIV. may easily be checked. 

The value of V is given in Art. 3. 


. Z 
, 
» q ce 
« < “~ . 
+ oe eee 


> re 
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a Coefficients of Pp. 


Thus, for 8 = 0, ¥, 1s, etc., of a, the numbers in the table give the co- 
efficients of Po for a = 0, 10°, 20°, ete. 
For the values of A and B, we have the following 


TABLE FOR A AND B, 


| 20 faa 10a = 20°0 = 80%c = 40"|a = 50"|a = 60°|a.= 90° 
0 | 1.20 |1.19 | 1.17 | 1.14 | 1.08 | 1.00 | 0.88 0 | Coeffi- 
cients 
0.2 ;1.21 | 1.20 |1.18 | 1.15 {1.10 | 1.01 | 0.90 0 of 
A} 0.4 [1.24 |1.24 | 1.21 [1.18 |1.18 | 1.05 | 0.94 0 a 
0.6 | 1.29 |1.29 | 1.27 | 1.24 | 1.20 | 1.13 ; 1.02 0 h? 
0.8 | 1.38 | 1.388 | 1.36 [1.84 | 1.80 | 1.24 | 1.18 0 
1. {1.50 {1.50 | 1.49 [1.47 [1.45 | 1.41 | 1.36 0 
B 0.468 | 0.466 | 0.442 | 0.406 | 0.356 | 0.292 | 0.214) 0 Pe 
Thus, for various values of é, we have the coefficients of on which give 


A for a= 10°, 20°, etc., and for the values of a have the coefficients of 


os which give B, 
11. Intersection Curve,—Indicating, as before, by y the ordinate 
19 
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Nd of the curve cdeik [Fig. 91], we have, as before, y= AN tang, 


@AN=(a—«)©, orsince a=rsina e=rsing, V=PSDe tens 


2sina ’ 
from eq. (17), 
__ sin? a — sin’? 8 P 
y 2sina BH” 
Inserting the value of H aed we have 
2a — om eite +Be 
As ey oe 


°q — sin’ 8\B 
witnur(ttgctOli cance is the value of y when & is 


neglected, 
oe 1+Bkr 
1% 1—Ax Yo 
which is the value of y given in Art. 159 (2) of the text. In that Art. we 
have already tabulated the values of A and B, as also of y, for various 
values of a and £. 
For 8 =, that is, for the end ordinate, our expression for y reduces to 


ou > 6 


. In this case, by differentiating numerator and denominator, we have 


a— 8sinacosa + 2(1+x«)acos’a 
sin a — acosa — x (Sina + acosa) 


y= 


3 sn a=1, cosa=0, and hence 


y=ta7r=1.57087r. Hence, for the semi-circle the intersection curve be- 
comes a horizontal straight line at 0.5708 r above the crown. In all cases 
for small central angle a, x may be disregarded. 

The above results are sufficient to enable us to either diagram or calcu- 
late the strains in every piece for any given position of load. 


For the semi-circle, a = 90° = 


— SS 
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CHAPTER IV. 


ARCH FIXED AT ENDS. 


12, Introduction.— In the previous case, the end reactions pass 
always through the ends. If, however, the ends are “ walled in,” so that 
the end cross-sections remain unchanged in position, and cannot turn, these 
reactions pass then no longer through the centres of the end cross-sections, 


In the first case, the moments at the ends are zero; now, however, we have 


end moments to be determined, viz., M, and Mb, left and right. For their 
determination we have the condition that the tangents to the curve at the 
ends must always remain invariable in direction, or for the ends, A¢ = 0. 

In the arch above with hinges at ends, we bave always considered a por- 
tion lying between the end and any point. In the present case, however, 
we shall consider the portion between the crown and any point. Both 
methods lead, of course, to the same results, but the latter, in the present 
case, is somewhat simpler. 
_ Accordingly, we conceive the arch cut through at the crown [Pl. 24, 
Fig. 93]. The total resultant force exerted upon the one-half by the other, 
we decompose into a vertical force V at the crown, and a horizontal force 
H. The distance c& of this last from the centre of gravity of the section 
at crown is é,, and hence the moment at crown is M, = — He. 

13. Concentrated Load—General Formulz,—Let a weight 
P act at any point; then representing, as before, by primes, quantities 
relating to the portion between the load and right end, we have, as in (18), 


G=— Hoos ¢— (P—V) sing, piece ei ganas (31) 
N=—Hsin¢g+(P—V) cs¢, N’=—Hsingd—Vecosd) 
Also, =-—-H(a+y)—Ve+P(@-—2), M=—-H(e+y)—Vz2, 


or, since — He = M, = moment at crown, 
M=M,—Hy—Vae+P(¢—2, M =M,—Hy—Vz.. (82) 

(a) Intersection curve. 

The two reactions, R and R’, intersect, as before, in a point L (Fig. 92), 
which must lie upon P prolonged, as otherwise R, R’ and P could not be 
in equilibrium. The locus of the point L we call, as before, the intersection 
curve. The equation of this curve can be easily found when V, H and M, 
are known. 

The force acting upon the portion BE (Fig. 92) is the resultant of V 
and H. The component, H acts at the point of intersection o of this 
resultant Ly with the vertical through ©. The vertical distance of this 
point o from ¢ is, as above, ¢; its horizontal distance from P is 2 Then 
ecotLy& is the vertical distance of this point from L, and é + 2 cot 
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Lyk=e teeny, where, as in the Fig., ¢ is negative. In any case, é 


is given by @& = — =i hence, for the intersection curve, 


Gomme we i ee 


(6) Direction curves and segments. 

The direction of the resultants R and R’ can be determined in two ways. 
First, by the points of intersection ¢ and y with the verticals through the 
centres of the end cross-sections; second, by means of the curves enveloped 
by these resultants for every position of P. We call the first distances 
Ag=a, By= ta, the direction segments, and the enveloped curves the 
direction curves. 

Taking ¢, and ¢: as positive when laid off upwards above the ends, we 
haveM,=—Heo M.,=—He; therefore 


O=—- WS @=—— « « « « «© © (84) 

We may also easily determine the equation of the direction curves. Let 
the co-ordinates with reference to the crown of any point be » and w (Fig. 
92). Ifthe load P is now moved through an indefinitely small distance, 
the new resultant cuts the former in a point of the curve required. These 
two resultants intersect the vertical through C in two points. Let the dis- 
tances of these points from O be ¢ and ¢ + de, and let y and y M dy be 
the angles of the resultants with the vertical. Then » = (w+) tan y, 
o=(w+e+de)tan(y+dy). 

Eliminating 0, 


RP (¢ +dc)tan(y+dy)—ctany_ _ d(ctany) 


tan (y + dy) — tany dtany ° 
From the first of the equations above we have then 
_ de 2 
%) ~ Fan y % 
M M. 
But tan y= > e¢= - = etan y= — =", hence 


"(ee | 
ty) _VdmM, -M,dv 


Thus we see that in any case we have only to determine H, V and M,, and 
we can then from (88) and (84) or (85) determine at once the intersection 
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curve, and the direction segments or curves. These are all we need for our 
method of construction as given in Chap. XIV.; once given, we can then 
easily construct H, V and M, or M, for any position of weight. 


A. PARABOLIC ARC—CONSTANT CROSS-SECTION—CONCENTRATED LOAD,” 


14, Determination of H, V and M,.—We put y= i 


dy=2 ia %, @8=dz2, as before. Then from the values of M given in 


(32) we have, according to equation (13), Art. 1, after inserting the values 
of y and ds above, and integrating, 


H1ag=e[M,—p5-e-3V0+4P(@—20)] +A, 


and 
EIAq’ =a[™M, - elie —7Vo]+a'. 


Forg=2, ad=Aq’, hence P@—22)2+ A=AY’, or 
A—A’'=}P2 ° ee ik ee oe () 


Fore=a, Agd=0, and fore=—a, Ad’ =0, hence 
0=a|[M.—;Hh-3V0+4P(0—-29|4+4, 


0=—a|M,—3Hh +4Va| +A’, 


and by addition and subtraction, 
A+A’=Va?—3P(a—22)a .... (CL) 
2M,a—Hah+4P(a—2*=0 ... (IL) 
From I. and IL. we have 
ss alge! I aS 
A'’=}Va? —}P (a? — 202+) 


For the horizontal and vertical displacement of any point, we have from 
15), Art. 2, after integration, 


BIAc=— *t[eMe-F va PE Vat EP (ba Fea" iden) 


ere. 


BIAg =— ee Bp “a V a+} AaB |, 


ira 3 
and 
BIAy=}M,2'— aa ~1 (V—P)2’—-}Ps0°+A2+0, 
Hh 
BlAy =} M,.2*— pe —4 V 2+A' 2+0', 


* The discussion applies only to flat parabolic arch of constant cross-section. 
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Fora=2, Aw=Aw, andAy= Ay’, hence 
B-B=7,P2#—}(A—A’)#, and C—OC'=}4P2-—(A—A’)z, or 
B-—B =-—-;P2# ©... 0 we, (et wae (IV.) 
O-—-OC'=-—}P?2 . e ee” ja? #8 a8e (V.) 
For «=a, 4v=0, Ay=0, and for e=—a, Aa’'=0, Ay'=0, 
hence, 
0=+4}Ma— Hho —3Vat+ Pa’ (8a—82)+}Aa’?+B, 
0=—-4+M.@+7Hha—4Vat+}A'o'+B, 
0=+}M,a— THhad—}(V—P)a’—}P20°+Aa+O, 
0=+4Mi.a?—tyHha'+4Va—A'a+O. 
The addition and subtraction of the two first and two last of these equa 
tions gives, when we put for A+A’, A— A’, B—B’, O—O’, their 
values above: 
B+B =—j3Va‘+x+Pa'(Ga-—42).°. . . (VL) 
2M, a* —$Hha’ + P (8 at — 8a*z+ 6072? — #4) =0 .. (VIL) 
O+0'=—M,a'+4Hha’—}Pa(a?—8a2+82).. (VIL) 
$Va’—$P(2a°—B8ar%e+2)=0. .... MX) 
Equations II. and VII. contain only H and M, unknown. Their solu- 
tion gives 
(@—#) 


H=}P yak rk (36) 
M, = — yPGFV EAT Woe se) ee (8 

From IX. we find directly 
vappe—V Gere) Se ae 


These are the equations given in Art. 160. From them we have the fol 
lowing table: 


zg H Vv M, Z H V M, 

0 0.4688 | 0.5000 | — 0.09375) 0.5 | 0.2687 | 0.1563 | + 0.02539 
0.1 0.4594 | 0.4252 | — 0.04936) 0.6 | 0.1920 | 0.1040 | + 0.02400 
0.2 | 0.4820 | 0.8520 | — 0.01606)/ 0.7 | 0.1219 | 0.0607 | + 0.01814 
0.3 | 0.3882 | 0.2818 | + 0.00689]| 0.8 | 0.0607 | 0.0280} + 0.01025 
0.4 | 0.8308 | 0.2160 | + 0.02025]! 0.9 | 0.0169 | 0.0073 | + 0.00314 
0.5 | 0.2687 | 0.1562 | + 0.02589]/ 1.0 | 0. 0. 0. 

a a 
a PF Ff «Pa a PS Yr Pa , 
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From (34) and (35) we can now find the intersection and direction curves. 
The preceding table gives us sufficient data for complete calculation by 


‘moments according to Art. 162. The intersection and direction curves 


will, as already explained, enable us to find the above quantities graphi- 
cally. 
Vz—M, 
15. Intersection Curve.—From (83) we have y = Sees ON 
serting the values of H, V and M, above, and reducing, 


a 2 
Hy= areas (@+2)?=tHh, hencey=th. 
For the parabolic arch with fixed ends, then, the intersection curve becomes 
@ straight horizontal line, th above the crown. 
16. Direction Curve,—From (86), (37) and (38) we have 


dH. 15P@—#)z: dV = 3P(@’—#) 


ae. Sach. de ‘eo 
dM, _ P(a—2) (40° — 5a2— 52) 
7 Peay oe. 8a F 


Inserting these in (85), as also the values of H, V and M, themselves, and 


reducing, we have 
Ree peck til 
adichs pore: 
_ (28a? + Waz2+ 522) h 
15 (a + 2) (8a + 2) 


For.e= 0, o=%a, w= PA... Forz =a, o=}a, w=—Fh. 
Forz=—a, 0o=a, ©w=—o. Eliminating z, we have 


_ 5a? —5a0+ 20? 
15 a (a — 0) 


This is the equation of an hyperbola, Hence, for the parabolic are with 
fixed ends, the direction curve is upon each side of the crown an hyperbola. 
This hyperbola is described in Art. 160 of the text, (Fig. 93), and a table 
to facilitate its construction is there given. 


ea aes 


B, CIRCULAR ARC—CONSTANT CROSS-SECTION—CONCENTRATED LOAD, 


17, Fundamental Equations,—From eq. (32) we have, since 
z=rsingd, y=r(1—cos¢d), z=rsin£B, 


M=M, —Hr (i — cos¢) + (P — V)rsing—Prsin8 (41) 
M' =M, — Hr (1 — cos¢) —Vrsing ; 
The expressions for G, Art. 13, eq. (31), apply here directly. 
Therefore, from eq. (8), Art. 1, we have 
paSé?_™M_w_psing 
8 r 
oo » (42) 
Ads'_ M, 


Se es a ee 
AG; r = 
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Hence from (12), Art. 1, since de = rd ¢, ve 
dAg=z ary | Me—Hir (1 cos ¢) + (P— V)rsing—Prsing |ag+92% ag, 


Ads' 


dag ==" [m.—Hr (1—c0s d)—Vr sin o| do+—— 7 e 


Substituting the values of a above, integrating, and putting, as be- 


fore, for brevity, « = i we have 
Ar 


Blag=r [2. ¢ — Hr (p— sin ¢) —(P—V)r cos p—Prp sing} 


+xr(M,—Hr—Prsin§8)¢+A. 


BIA¢'=r[M.¢- Hr ($— sin ¢) + V1'c0s ¢ | +x«r(M,—Hr) o+A', 
For¢=f, Ag= Aq’, and we obtain 


A—a'=Pr'| cos 8 + (1 +4)8sin B| oo een 


For ¢=a, Ag=0, and for¢=—a, Ag’=0. Adding and subtracting 


the equations thus obtained, and eliminating A — A’, we have 


2Moa — 2Hr(a— sina) —Pr [cos a — cos 6+ (a — 4) sin 8 | 


A+A'=Pr*[cosat(1+x)a sin | —2Vr* cosa.. (IL) 


+x[2Ma—2Hra—Pr(a—)sing| =='O04..) Ea 


From eq. (14), Art. 2, we have, as Pee after integrating, for the hori- 
zontal displacement, 


BIAg=—M, 7° (sin p—¢ cos 6) +} H7r*(2sin ¢ — 2p cos¢ —o Rey 


—3V>?r'* sin? ¢ +4Pr* (sin? o + 2sin£B sin ¢ — 29 sin B cos ¢) 


+xr(M,—Hr—Prsin§)¢cos¢+Arcos¢+B. 


BLIAg=— Mor’ (sing—?¢ cos 9) +}H7r* (2sin ¢—2¢ cos o — + sin Cos >) 


—tVr' sin? ¢+x«r?(M, —Hr)¢cos¢+A'rcosp + B’. 


For¢=,, Av= Az’, hence 


Further, for ¢ =a, Aw=0, and for p= —a, Aw’ =0. Hence, by add- 


B—B'=-—4Pr(2+sin?f) . . . - (IV.) 


ing and subtracting, 


B+B =Vr' (2 —sin’?a) —}P 7? (2 —sin’a + 2 sin asin )..(V.) 


2M, 7° (sin a — acos a) — H7* (2 sin a — 2 a cosa — a + sin a Cos a) 


4+3Pr [2 — sin’ « + sin’ p — 2 008 (a — 8) + 8 (a — A) 008 « sin 8 


—«Kr [2 (M. — Hr) a cos a— Pr (a— ) cos a sin 6 | = 0..(VI). 


_— 
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Multiplying III. by cos a, and adding to VI, we have [(VIL) 
2M) sin a — Hr (2 sina — sina cosa — a) + $ Pr (sina — sin 8)* = 0. 
In similar manner, we have from eq. (14), Art. 2, for the vertical dis- 
placement 
EIAy=M,r* (cos 9 +¢ sin ¢) —}H7*(2 cos » + 2¢ sin ¢ — sin’ o) 
+4Vr*(o +sin ¢cos¢)—}P7*(o+ sing cos 9+2 sin8 cos + 29 sinBsin ¢) 
+xr? (M. —Hr—Prsin§) ¢sing + Arsing + C. 
BIAy' = Mor* (cos ¢ + ¢ sin ¢) — $H7r* (2 cos¢ + 2 $ sin o — sin’ ¢) 
+4V7r*(o+sin¢cos9) +xr* (M, —Hr)¢sine+ A'rsing+C. 
For ¢= 8, Ay=Ay’, hence 
C—O'=}Pr'(8+sinBcosf).. . . (VIL) 
Finally, for@¢ =a, Ay=0. For¢=—a, Ay'=0, and hence 
C+ O0' = —2M,?* (cosa +a sina) + Hr*(2 cos a+ 2a sin a — sin? a) 


+4Pr*]a+sina cos a— 2 sin (a-- 8) + 2 (a— 8) sin a sin B| 
— 2Kr’? (M,—Hr)asina+x«Pr*(a—f)sinasin8 ...(IX) 
Vr (a—sinacosa) =} Pr (a—8—sinacosa—sin 8 cos 8+2 cosa sin§)..(X.) 
18. Determination of H, V and M). 
(a) Vertical Reaction. 
The vertical force V is given directly by eq. X. Thus 
8 —sin acosa— sin 8 cos 8+ 2cosa sin B 
2 (a — sin a Cos a) 
an expression independent of x. 
Transforming by means of series, we have, approximately, 


V= 7, [20'- 808 +h — A(t a8 +...].. 4H) 
For the semi-circle 
< va p7—28— sin B cos 8B 
= a ‘ 


From the exact formula (43) we have the following table: 


V=P°— 


we» (48) 


eee aD 


B a—0 a=10°la = 20°}a= 380° a = 40° a = 50° a= 60° a — 90° 


0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
0.2 | 0.3520 | 0.3515 | 0.3500 | 0.8475 | 0.3439 | 0.3392 | 0.3332 | 0.3065. 
0.4 | 0.2160 | 0.2152 | 0.2130 | 0.2092 | 0.2037 | 0.1966 | 0.1876 | 0.1486 
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(6) Horizontal thrust. 
Eliminating M, from ITI. and VI. we obtain, after reduction, 
Qsina [ cos 6 — cos a + (1 +«)A sin p | ~(1 + «)a(sin? a + sin? p) 


ee (46) 


ala + x)a(a + sina cos a) —2sin?a | 


If we put A; = 2 sin a (cos 8 — cos a + 8 sin 8) —a(sin® a + sin? 8), 
A, =a (sin’ a + sin*® 8) — 28 sina sin B, 
B: = 2 a (a+ sin a cos a) — 4 sin’ a, 
B, = 2a (a+ sin a Cos a), 


A, B 


and let A=7, B=) and H, =“! Pp, we have 


Bi 


where H, is the value of H from the above formula, when terms hte 
« are disregarded. 
Transforming by series, we have 


H Se ok ahs Weil 


' Ae 


[1—wot+abat+...| 


a? — 5 
B= # z[1- — ya? Kee | 
a* 
From the exact formula (46) above, we have the following tables: 


TABLE FOR Hy. 


B | a=0 |a=10°\a= 20° a = 80° a = 40° | a = 50° | ¢ = 60° | a= 90° 


0 | 0.4688 | 0.4687 | 0.4683 | 0.4678 | 0.4671 | 0.4661 | 0.4610 | 0.4592 
0.2 | 0.4320 | 0.4317.| 0.43809 |.0.4291 | 0.4272 | 0.4243 | 0.4173 | 0.4017 
0.4 | 0.8308 ! 0.3801 | 0.8281 | 0.8244 | 0.8196 | 0.3128 | 0:3012 | 0.2601 
0.6 | 0.1920 | 0.1912 | 0.1887 | 0.1845 | 0.1784 | 0.1703 | 0.1578 | 0.1087 
0.8 | 0.0608 | 0.0603 | 0.0590 | 0.0566 | 0.0534 | 0.0490 | 0.0421 | 0.0181 
1 0 0 0 0 0 0 0 0 


oa .P - 
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For the values of the quantities A and B we have the following table: 


VALUES OF A AND B. 


B |a=0 ja=10°|a =20°|a= 30°|a =40°/a= 50°la= 60°!a =90° 


0 |3.00 |3.01 |3.02 |3.06 |3.10 | 3.16 | 3.25 | 3.66 
0.2 |3.12 13.15 |3.16 |3.19 |3.26 | 3.34 | 3.45 | 4.07 
0.4 18.57 13.58 |3.63 |3.70 |3.st | 379 | 4.20 | 5.65 
0.6 |469 |470 |481 |496 |5.20 | 5.57 | 6.14 |10.57 | 4%” 
0.8 18.33 |8.42 |8.67 |9.10 | 9.78 [10.87 |12.93 [35.62 


1 rea) fea) (ea) (oa) oa) rea) (oa) (oa) 


a* 


B| .a | 2.818 | 2.825 | 2.861 | 2.981 | 8.039 | 3.198] 3.417] 5.279 7a 


From the above tables it is easy to find the thrust for any given position of 
load, and any given span and rise. The preceding table gives the reac- 
tion; it only remains to determine the moment M, at crown. 

(¢) Moment at crown. 

From VII. we have 


My = 4 Hr (2— cos a 28 juareSesee 


sin a sin a 
Substituting the value of H, already given. eq. (46), we obtain 


2M, [a +x) a(a+sin a cos a)—2sin*a| 


=Pr [ sin a—sin a cos (a—f)-+2 sin a (cos 8—cos a)—sin a (sin a—sin 8) sin 8 
—a(cos 8 — cos a) — (1 +x) {a (sin? a + sin® ¢) ~ 28sin asin B} 
+ (1 + x) @— 8) (4 + sina cosa) sin 6. 


In similar manner, as before, for H we have 


1+O0k 

1+B’ 

where M,, is the value of M, when terms containing & are disregarded, 
and B has the same value as above. By series we have 


My, = — fy Pr 2A [sat — 1008 —s8 
7 


+ dz (Bat + 6a B+ 45 a? B* + 8088 + 154 8+) |, 
and 
360 


O= 3 Ga? —10ah—68%) 


+ ecce 


3800 
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From the exact formula above we have the following tables. 


VALUE OF Moo. 


B | a=0 /a=10°} a=20°| «=30° | a= 40° | a= 50° | a=60° | a-90° 
0 |0.09375]0.09426/0.09582| 0.09849] 0.10241/ 0.10777] 0.11613] 0.15108 
0.2 |0.01606/0,01615/0.01658| 0.01742) 0.01846] 0.02063] 0.02280! 0.03083 
+ + + ot. + + + + 
0.4 |0.02025|0.02021/0.02008| 0.01973) 0.01942] 0.01888] 0.01719] 0.01441 
0.6 |0.02400/0.02393/0.02369, 0.02326) 0.02267] 0.02181 0.02001! 0.01454 
0.8 /0.01025/0.01019/0.00999, 0.00962/ 0.00917| 0.00850! 0.00716] 0.00388! 
ey Bu 0 0 0 0 0 0 
a .Pa 
VALUES OF B anv C. 
B a= 0 ja=10°la = 20°\a — 30°\a = 40° a — 50° Ja = 60° a = 90° 
+} +]+4+])/+i{]+)+i;)+i{+ 
o | 7.50! 7.52] 7571 778! 7.94] 8o52l 861] 11.12 
0.2 | 28.18] 28/09! 27.99] 28,14] 28.43] 27.99] 27.76] 31.81 
o | 0.4 | 12.50! 12.61| 13.05} 14.08] 15.40' 17.85] 21.11] 37.47 z 
0.6 | 4.69] 4.77; 5.00| 5.511 6.241 731] 9.101 20.27 
0.8 | 2.74] 2.85] 8.20 3.89] 4.94 6.61| 9.77] 42.53 
1 1.88) o@ o) (oe) o fo) (oa) ie) 
B | .c |+2.81|+2.83'+2.86/-+2.93]+3.04/+8.20/+8.42 +5.28). 6 


Here, as always, a negative moment denotes tension in lower or inner 
flange. We see at once from the table that the maximum compression in ~ 
this flange at crown does not occur for full load, but for load extending 
from both ends towards the crown as far as about ;ths of the span or {ths 
of the half span. Within the middle half of the arch, then, a load any- 
where causes tension in lower flange at crown—outside of this middle half 
a load anywhere causes compression in the lower flange at crown. 
arge central angles, x may be disregarded, and we have simply M = Myo. 


For 


ty = 
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19. Intersection Curve.—From Art. 18 we have 
pp Vrsin B— M, 
H iy 
Hence, by substitution of the values of V, H and M,, 
= he eee] 


y= G[!- at (a + B)? 


@—2az—2 I 
gl elaiaeres same 9 a 
which is the equation given in the text, page 265, for which a table is there 
given. 
20. Direction Segments,.—lIt will in the present case be found most 
conyenient to determine the directions of the resultants by ¢; and c, equa- 
tion (34). 


> « « 4% 


or, 


Thus, ¢, = — a= — A 
But M, > M, —Hi+ (P—V)a—P2z,M.:=M,—HA+ Va. 
We have, by series, then the approximate formule, for small central angles, 
not over 40°, ' 
2h 451a 2h 451a 
—pans ltt *- ag | aT ae Sia dua al 


where positive values of c, and ¢, are laid off upward above, negative values 
downward below, the centres of gravity of the end cross-sections. 

From the preceding tables we can calculate easily in any case H and V and 
M,, and thus check the results obtained by the method of Chap. XIV. The 
formule above for ¢, and c, do not admit of tables, nor, in fact, are such 
needed. They are sufficiently simple for ready insertion. 

Thus, by the aid of our tables, having computed V and H, and, if necessary, 
M, and @, we can by the method of moments, as explained in Chap. XIV., 
Art. 162, readily calculate the strains in the braced arch, whether continuous 
at crown and fixed or hinged at the ends, or hinged at both ends and crown. 

Direction Curve.—We may also plot the direction curves, from the 
following Table calculated by Winkler from the exact formuls, and which 
applies to central angles up to 90°: 


a=0 a, = 30 a= 60 a= 
B 
Vv w Vv Ww Vv Ww Vv w 

ca} 0 0.333 0 0.824 0 0.291 0 0.215 
+1 0.500 0.400 0.500 0.396 0.500 | 0 385 0.500 | 0.363 
+ 0.8 0.526 0.410 0.531 0.410 0.539 | 0.887 0.577 | 0.390 
+ 0.6 0.556 0.426 0.560 0.424 0.578 | 0.409 || 0.646 | 0.423 
+ 0.4 0.588 0.446 0.595 0.444 0.616 | 0.451 0.864 | 0.446 
+ 0.2 0.625 0.472 0.633 0.472 0.661 0.473 0.733 | 0.482 

0 0.667 0.501 0.676 0.512 0.79 | 0.517 0.786 | 0.526 
— 0.2 0.714 0.571 0.725 0.574 0.773 | 0.605 0.843 | 0.609 
— 0.4 0.769 0.675 0.780 0.681 0.818 | 0.704 0.899 | 0.'739 
— 0.6 0-833 0.889 0.843 0.899 0.877 | 0.937 0.932 | 0.868 
— 0.8 0.909 1.546 0.916 1.567 0.9387 | 1.644 0.978 | 1.361 
— 1.0 1 ra) 1 @ 1 ra) 1 © 

a a h a h a h a h 
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re | In any case in which the approximate formule for ¢, and ¢ are used, it is 
ze is well to check the results obtained, by plotting the intersection and direc- _ ae 
- he tion curves, and drawing for each position of the weight the meme —e ce 
44 thus determining ¢, and ¢2, as shown in Fig. 92, Pl. 24. at. 
i= 20 (b), Transformation Series,—We have in the pfeceding repeat a 
x* “a edly made use at antigua ihe” Sevanfoemiekion of kagalls"banclisek aaa 
g . sin, cos, etc., into functions of the arc itself. We group here, for conveni- _ 
> ence i vateresion, the series thus used : a 
i 7 sina = 2 (1—}2°+4472'- exe Kare — caer om) ie 
Es cos = 1 — $a? + erat — hye! + ayhey o — serbaaa G+. — wee 2 
td : gino =a (1 — ba? teat — ahs ot + cates ape” Py ee 
Ss cos? a = 1 — a? + gat — fa + gly 28 — gah 2 H+. 
4 sin 2 cosa = a(1— $a* + fe at — tea + rvse a8 — rocyzs O” +...) 
e inte =o (1 — 42° + ya! — shhea! + aifddeo a! — rebhta0 2" +o) 
ry 6 . 
e cos # = 1 — $2° + fat — fo + pHhth 8 — Do oe +... : Pa 
Zs tana = 2 (1+ tat + pratt aia + yibs a+ Thee +) 
ory 1 5 a a 
cote =— — (Laat + steat trie + arteea te) 


sinasiny=ay[1—t (+9) +b Gat' +100 ye +8y)— woe + Tay 
+ Tat y+ y') + parkas (02 + 60 ay? + 126 ay! + 60224? + 5y%)..] 


Ge costoosy=1—4(@+Y)+AX(@t+6ry+y¥')—hy @+laty — 


+3 415.0° y+ y") + ohre (8 + 28.089 + Wat yt + Bayt y")— ute 
¢ sin @ cos y=a [1—} (+8 y*)+1ho (+10 a +5 y')—adizo (+21 at y® 
BR. +35 8 yt +7 y")+aectee0 (0°+86 @° 9? +126 wtyt+84 2 y°+9y%)—.etoee] 
» ' 4 

, 
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CHAPTER V. 
INFLUENCE OF TEMPERATURE, 


21. General considerations,—When the temperature of a per- 
fectly free body, which possesses in every direction the same coefficient of 
elasticity and expansion, changes equally at all points, there can be no 
strains in the body. For were there such strains, then, as there are no 
outer forces, there could be no equilibrium. 

If, however, the change of temperature is not the same at all points; or 
if the body is not free, so that it is possible for outer forces to act, there 
are strains. 

In the following we assume the change of temperature to be everywhere 
the same, but that the body is not free. 

We assume that at a certain temperature ¢ no strain exists in the body, 
and call this the mean temperature. The deviation above or below the 
mean temperature we call + ¢ or — ¢, and denote the coefficient of expan- 
sion for one degree by e«. 

The determination of the strain in a straight beam held at both ends, is 
very simple. If the length is /, its relative change of length is e¢. Since, 
however, it cannot expand, the strain S per unit of area is precisely as great 
as the force which would be required to produce this relative elongation, 


or from eq. (4) s=+Het . 2. 24 ss + (48) 
Tf the area of cross-section is A, then the strain at each end is 
S—=-sA—HAec#. 


In equation (48) it is assumed that a compressive strain, due to + ¢, is 
positive, a tensile strain, due to — ¢, is then negative. 

22, Infiuence of Temperature on the Arch,.—Since by a 
change of temperature the length of the arch varies, while the span remains 
always the same, the shape or curvature must change, which naturally must 
give rise to strains and outer forces. In the following we have only to 
determine these outer forces, since, as shown in Chap. XTV., these are all we 
need to determine the strains themselves. 


The relative change of length is from eq. (8), Art. T., Le (+7). 


This change is caused by the outer forces. The relative change of length 
due to temperature alone is e¢, Hence the total relative change of length is 


Ads Gr+™M 
de = HAr ~fh se see 
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. 
Hence the change of length of the axis is 
8 
4s= 1 Gr+M 
Hr/o A 
The change of the angle between two infinitely near cross-sections, and the 
actual turning of a cross-section is from (9) and (12), Art. 1, given by 


ae int Gr+M 
= “BA? . . . . . . (51) 


ae M 
Finally, from (14) we have 


d 
Ag=— agdy+ [Tide 


4y=+ 


de—ete i Rae 


Substitute in these last two equations for Ag and . a their values from 


(49) and (52). The double integral thus arising can be resolved by par- 
tial integration. 


Thus / f@daz=-a2f (x) — | «df (a). 
Applying this, we obtain 


Aw=—yAo + [yaa fa 
de 
Ay= +0Ae—feaaer [Pay 


We shall assume in the followifig the axis always circular. 
23. Fundamental Equations—General.—Upon this assump- 
tion of a circular axis we have generally 


G=Hoos¢, N=Hsin¢g 
M=M, + Hr (1 — cos 9) . # » te 6 oe 
Gr+M=M,+Hr 

Hence, from the preceding Art., 


Hr+M, 
a EBA fig-rets . e . . .« (55) 
Mor 


Hr? Hr+M, ’ 
4¢=F7 do+ Sr [d—cose)de+ SpE [a9-+A!..(66) 


» . « (68) 


2 
Ae=—rA?¢(1l—cos $) + az Mt — 005 6) d9 


H M 
+ Fa /to—retsing+B.. e e . (57) 


_ = ae nS ee 
“ . 
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24. Arch with three Hinges,—If there are three hinges, the mo- 
ment M, at the crown must be zero, and therefore M = Hr (i — cos 9). 
But for ¢ = a, M must also be zero, hence Hr (1 — cos-a) = 0, and therefore 
His zero. Then for any pointG@=0, andM=0, andN=0. Thatis, 
Sor the arch with three hinges there are for a change of temperature no outer 
JSorces, and hence no strains, 

25. Arch hinged at Ends.—Here, since for ¢=a, M=0, we 
have from (54) 

M, = — Hr (1 — cos a) 
= — Hr (cos ¢ — cos a) ¢. wee « G8} 
' Gr+M=+4Hrcosa 
From (56), since for? =0, Ag=0, 


b= ged H cos a A 
Ag=— = | (cos¢—cosa)dgo+ zone [G¢.. 69 
; ef at Panda” 


From (57), since forg=0, Azw=0, 


Ae ameney [ eongenssay— J -conp congconsa | 
0 


For ¢ = a, this becomes zero, and we have for the horizontal thrust 


H- : - Hetsina 
2 2 32 
7 f 008 ¢ (cos ¢—008 a) dg— =" fi (cos ¢—cos a)ap-+S— sf de 
0 0) oy) 
. . tal . (60) 
Performing the gic “hie indicated (AT. D and putting, for brevity, 
ted 
k= » we have 
2ELletsina 
—— 
r? (a — 8 sin a COS a + 2a Cos? a) + 2x7" a Cos? a *" (61) 
By series (Art. 20), we obtain the approximate formula 
I I 
WHlet _ 15HIAct gy 


_ 72 (2at+15x) SAA? +151 
The above are the expressions given in Art. 165 without proof, The less 
h, the greater for equal dimensions is H. For A=0, we have 
H = E Aezt, as we should have for a straight beam. 
26. Arch without Hinges.—In this case we have the general equa- 
tions (54) and (55), which apply directly without change. 
From (56), since for¢=0, A¢=0, we have 


? s of? ¢ 
ag=ae | do+ (i —omnaye BEM [ay 
0 


20 
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, 
From (57), since for ¢= 0, Aw=0, we have, inserting the value of A ¢, 


above, 
Aw wa sy [core f to [cosa] 
Sl r[o-can ftom nas - [ow sray] 
EI 0 0 


¢ 
Hr+™M, , 
+— cory ft —retsin 


For¢ =a, 4¢=0, hence from the first of these expressions 


1 a 
# [a-esnay+; i fae 
M, = — Hr °. © @ 
i fiora le 


If the distance at which the horizontal thrust H acts from the crown 18 
éo, we have M, = — Héo, whence we see at once that ¢ is the fraction in 
(68) multiplied by 7. For ¢=0, Aw must also be zero, and we thus 
obtain another relation between Mo and H which does not contain A, If 
we multiply the expression thus obtained by 7 cos a, and then subtract the’ 
result from that previously obtained for ¢=0, 4¢=0, we have 


M, a Hr? a @ ; . 
Sf flcwnass| [c-wnae [como ay [cian 


. © e . (64) 
Performing the integrations jndicated in (63), we have (Art. 7) 


(68) 


Ba (1+x«)a—sina . 
M, Hr i+ae ow pet 9 ee 


E | 
where, as before, « = ry 
From (64) we obtain 
M,+r sin a—}Hr* (a—2 sin a+ sin a cos a) = — Ble? sina, 
Inserting the value of M, above, we have 
cS 2HIet(i+«)asina 
~ #2 [1 + «) (a? +a sin a cos a) — 2 sin? a] 


. e MOO 
and hence 
— 2B Ietsin a[(1 +x) a —sin a] 


oe FL + «) (a? +asinacosa)—2sin%a]~ ° (67) | 
From these two we obtain for the point of application of H 
__M_ , dl +x«)a—sina 
ae ta (l+x)a EI | 


Se = ae” Ue 
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By series, we have (Art, 20) 


24.6 Aa? +61) 4 
- = pes: wi 7. es e@ @ (69) 


eo = 


without reference to kK, Go = th, 


For small central angles, then, for which x may be disregarded, the 
thrust given above by (66) acts at } % below the crown for a rise of tem- 
perature of.¢ degrees above the mean. For a decrease of temperature be- 
low the mean it acts above, M, is negative, and the strain in the lower 
flange tensile. 

Further, we have, by series, the approximate formule 


45HIet _ 4501 Act 


“p(t +45n) SAN +451 -. (1) 
we _ 15 Blet(a?+6x)_ 15Hlet(Aa?+6Hh 
* Brat +45n) (4Ah*?+45D) a? 


These are the expressions given in Art. 165 without proof. 
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CHAPTER VI. 
PARTIAL UNIFORM LOADING. 


27. Notation.—In the preceding discussion of the arch we have con- * 
sidered the influence of a single concentrated load only, and this, as we o 
have repeatedly seen in the case of the simple and continuous girder, etc., 
is sufficient for full and accurate solution. When once we are able to find 
and tabulate the strains in every piece due to a single load in any position, 
the thorough solution becomes simply a question of time. 

It may often happen, however, that we may wish to determine the strains 
for a full load only, or for a uniformly distributed load extending from 
one end to some given point, In such case it would be unnecessarily tedi- ws 
ous to obtain our result by the successive determination and addition of all 
the intermediate apex loads. We may easily deduce from the preceding 
the general formule for partial loading also. 

As before, we shall let a = the half span, A = the rise, I the moment of 
inertia, and A the area of the cross-section. But we shall represent by p 
the load per unit of length of horizontal projection, and by 2 the distance 
of the end of the load extending from the left, from the crown. This dis- = 
tance z, from the crown to the end of load, is then positive towards the 
left. In the circular arch the angle subtended by this distance 2 we call 8. 
The angle f is then positive to the left of the vertical. The angle sub- 
tended by the half span is, as before, a. For 8 =a, then, or for e=a, 
there is no load upon the span. For 8=0, or 2=0, the load extends 
from the left to the centre. For 8—=-—a, or z= —da, the load covers the 
whole span. Pls. 23 and 24, Figs. 91 and 92, still hold good, therefore, for 
our notation. ‘We have only to conceive, instead of the concentrated load 
P, a uniformly distributed load, per horizontal unit, extending from left end 
as far as the position of P. This much being premised as to notation, we 
shall treat, as before, the three cases of arch hinged at crown and ends, 
hinged at ends only, and without hinges. 


A, ARCH HINGED AT CROWN AND ENDS. 


28. Reaction.—This case is too simple to demand any extended 
notice, in View of what has already been said. We, have from eq. (16), Art. 
8, for the reaction at the left or loaded end, for concentrated load, 
ate 

2a 
If now we put P = p dz, and integrate, we have | 


2 2 
v= [pass =p nares +0, 


where OC is the constant of integration. By taking the proper limits, we 
can eliminate this constant, and thus obtain the reaction for load covering 


V=P 
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any desired portion of the span. As we shall in every case suppose the 
load to extend from the left end up to any point, we shall take the limits 
of z= a and 2, and therefore obtain 


8a? — 2az2—2? 
V bond 4 a . ° . s. a7 . (71) 
For z= a, this is zero, as it should be, since then the load has not come 
on. For z= —a, the load extends over the whole span, and V = pa, or 


half the whole load, as it should. We might have obtained this result at 
once by moments. Thus, 
—2, 8a?—2az2—27 
eke 2 ; 
but have preferred the above method as showing how uniform loading is 
deduced directly from concentrated by inserting pdz for P and inte- 
grating. 

29. Horizontal Thrust.—In precisely similar manner we have 


from (21), Art. 4, for the thrust due to concentrated load P, H = P c-2 


Put P = pdz and integrate between the limits ¢ = a and 2, and we have, 


€ >: 2 
rahe e . ° e. . . (72) 


Vx 2a=p (a—2z) (a+e+% 


i=») 


4h 
For 2 = a, this is zero, as should be. For z= —<a, or for full load over 
2 
whole span, H = Po. We may also deduce the above equation directly 


2h 
by moments. 

The above formule (71) and (72) are all that we need either for calcula- 
tion or diagram. They apply evidently equally well, whether the arch be 
circular or parabolic, or, in general, whatever its shape may be. The form 
has no influence upon either the thrust or the reaction. 

For the moment at any point whatever, whose distance horizontally 
from crown is 2 and vertically below crown y, we have at once 


M =H (h—y)—V (a—2) +4 (a—a)*. 


If this point is an apex, then the moment divided by depth of arch at 
this point is the strain in flange opposite that apex. A positive moment 
throughout this work always indicates compression in the inner or lower 
flange. 

B. ARCH HINGED AT ENDS ONLY. 

30. Reaction.—The vertical reaction at the end is precisely the same 
as before for three hinges, and is given by equation (71). This reaction is 
evidently independent of the shape of the arch, and the above formule 
holds good generally. 

31. Horizontal Thrust—Parabolic Arch.—We must here 
distinguish the shape of the arch, and treat first the parabola. We have 
already from eq. (27), Chapter III, Art. 8, for a single load, 

5, 5a‘ — 6a’? 2* +2 


aa ah r 
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We have, as before, simply to make P = p dz, and then integrate between 
the limits ¢ =a and ¢ indeterminate, 


We thus find at once 
rm P| 160° — 25 at2 + 10 a* 2% — -#]. - (7%) 
For 2 =a, this reduces to zero, as it should. For = — a, the load covers 


2 
the whole span, and we have H =f For 2=0, the load reaches from 


2 
the left as far as the crown, and H =". The formule is simple, and re- 


quires no table. Numerical values may be easily inserted. 

32. Horizontal Thrust—Circular Arch.—As already noticed, 
the vertical end reaction for this case has been given in eq. (71). It re- 
mains to determine the thrust. We have, as before, simply to insert pda = 
pr cos 8d@8 in place of P in the expression for the thrust for concentrated 
load of Art. 10, and then integrate between the limits @ = a and 8 inde- 
terminate. 

We have thus similarly to that Art. 

" 1—Ark 
H= oa ¢. eos? se 
where H, is the value of H when terms containing « are neglected, or 


The quantities A:, B:, A. and B, are as follows: 
=7 sin? a+8a cosa—8sina—6a cosa sin? a— 6 sin’ a sin 8 
+ 2sin* 8 — 8 8 cos a— 9 cos asin 8: cos 8 + 12 cos’ asin B 
+ 12acos asinasin 8 —6 8 cosa sin? f. 
A, = 8 [2a cos asin? a+acosa—sinacos?a—4a cosa sina sin8 
+28 cos asin® 8B — 8B cos a + cos a sin 8 Cos f]. 
B, = a— 8 sina cos a+ 2 a Cos” a. B, = 2 a cos? a. 
These expressions can be tabulated as in Art. 10, or developed into 
series as in that Art., and the formula thus made practically available. 
For 8 = a, we have H zero, as should be. For @ = —a, we have the 
load covering the entire span. 
For this case we have 


H-} y Bin’ « — 3 (1—2 sin? a) (sin a — «cos a) — — 8x 09 a (a4. 9.0 sin? aan 6 OND 
=e? ‘a +24 cos?a—8 sina cosa+2Ka costa 


For the sEMI-cIROLE, this reduces simply to 
w= pr=0.4%4 pr. 
84 


In any case where exact results are desired, eq. (74) must be used, and a 


table calculated for the central angle a. We have approximately by 


series also, more especially for small central angles, or for a large in respect 
to h, for total load over whole span: 


H= _ pa* 8 Ah? pa’ 8h? (78) 


— ——a et ae 
= —- e ° 
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where A is the area and I the moment of inertia of cross-section, and g 
the radius of gyration. In framed arches this may be taken as approxi- 
mately equal to the half depth from centre to centre of flanges. 


C. ARCH WITHOUT HINGES—-FIXED AT ENDS, CONTINUOUS AT CROWN. 


33. Parabolic Arch—Formule for V, H and M.—In this 
case the reactions no longer follow the law of the lever, and eq. (71), there- 
fore, no longer holds good. 

(a) Vertical reaction at unloaded end. 

We have from eq. (28), Art. 14, for the reaction at the right end for a 
single load, 

(a — 2)? Qa +2) 
Vi t 1p See oT 

Making P = pdz, and integrating between the limits z= a@ and 2, we 

find the reaction for a load coming on from (eft, 


. oi PP [: Caim'”d 2 +e] 
Vv lear 8at*—8a4 2+6u a> —2}| . . . (76) 


for a full load 2 = — @ and V= pa, as should be. 

(6) Horizontal thrust. 

In like manner we have for the horizontal thrust at end from (86), Art, 
14, 


15. at — 2a? 2? +2! 
H=—P- ah 


Replacing P by p dz, and integrating as before, we obtain directly 


=. Pp [ Be 4 3 ee | 
oa i 8a°—15at2+1002—38e2] . . (77) 
pa? 
for a full load z= —a@, and H= rye 
(ce) Moment at unloaded end. 

In precisely similar manner we have from (37), Art. 14, 
a—2z)*® (3a? —10az2— 52°) 
a : 


m, — —1 Pp! 
32 


Putting P = p dz, and integrating, we have for the moment, always at 
the right end, or for load not extending past the centre, at crown 


M =~? [Sate — 80° 2° + 6a? 22 — e]. . (78) 
For z= 4, this is zero, as should be. For z= 0, or for load extending as 
2 
far as crown, it is also zero, For ¢ = — a, the moment at the end is — ~. 


A negative moment, as always, denotes tension in lower flange. 

Just as for concentrated load, as shown in Art. 14, as the load comes on, 
the moment at crown is positive, and increases with increasing load up to 
a certain point, beyond which any load causes a negative moment, and be- 
yond which the moment at crown, therefore, decreases, until, when the load 
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reaches the crown, it becomes zero. This point, which gives Mo, the mo- 
ment at crown, a positive maximum, is at a distance z= —a+aVE= 
0.264911 a, or nearly } a from the crown. 

The values of V:, H and M, (M, and V-, being always the moment and 
reaction at unloaded end), for various values of z, are given in the following 
table: 


2 Vv, H M, 2 V2 H M, 


1 0 0 + || —0.1| 0.2849 | 0.29656 | —0.01206 
0.9 |0.0002437/0.000579/0.0001096 || —0.2 | 0.8024 | 0.34128 | —0.03024 
0.8 |0.0014 [0.00421 j0.00076 |} —0.3 | 0.8707 | 0.38242 | —0.055611 
0.7 |0.00624 0.01643 0.002185 || —0.4 | 0.4459 | 0.41846 | —0.08918 
0.6 |0.0144 [0.02889 |0.00432 || —0.5 | 0.5273 | 0.44824 0.181836 
0.5 |0.0273  |0.051757\0.006836. || —0.6 | 0.6144 | 0.47104 | —0.18432 
0.4 (0.0459 |0.08846 |0.00918 || —0.7 | 0.7062 | 0.48667 | —0.24718 | 
0.3 |0.07074 |0.11777 |0.010611 || —0.8 | 0.8014 | 0.49884 | —0.32076 
0.2 |0.1024 |0.15872 [0.01024 || —0.9 | 0.90024) 0.49942 | 0.405109 
0.1 |0.1412 [0.20815 0.007062 || —1 |1.0000 | 0.5000 | —0.5000 

0 0.1875 [0.25 0 


a pa 2 pa a pa S pat 


It will be seen that the moment at the unloaded end, which, as long as 
the load is left of crown, is the moment at crown also; increases as the 
load passes on, is positive and increases up to aboutz=.25a@. Then it 
diminishes, becomes zero when the load reaches the crown, changes to 


negative as the load passes the crown, and this negative value increases up- 


to full load when it is —4pa*. For full load, then, the lower end flanges 
are in tension. At the crown the moment is zero, and the compression 
there in both flanges is due to & only. 
34, Circular Arch—Formule for V, H and M. 
(a) Vertical Reaction. 
Here we have r sin8 =2, rcosBdB=da, andP=pdz=prcosBpdB. 
Inserting this in place of P in eq. (43), Art. 18, and integrating betwee 


the limits 8 = a and 8 indeterminate, we have for the reaction at wnloaded — 


end, or for reaction at crown when load does not extend past the crown, 
v= pr cos* a 
~ 2 (a — sin a Cos a) 8 


—cosa—asin§ + cos8 +f sinB 


+ sina concen = one cos a sin® 8 ]....(79) . 


* 
, 


; 


‘ae 
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For 8 = a, this is zero, as should be, since then the load is not upon the 
span. For 8 = —a, V=prsina, as should be, for full load over whole 


span. For the semi-circle, a = 90° = > sina=1, cosa=0, and 


. 3 
us 5 sin B + cos + A sin B— B 
Vopr Be . 
If the semi-circle is uniformly loaded over whole span, 8 = — a= — 90° 


=-F sin B= —1, cos8 = 0, and V=pr7, as should be. The for- 


mula (79) above is precisely the same as that given by Capt. Eads in his 
Report to the Illinois and St. Louis Bridge Co., May, 1868. 

(6) Horizontal Thrust. 

In similar manner, from eq. (46), Art. 18, by inserting pdz = pr cosB dB 
in place of P, and integrating between 8 = a and 8. we have similarly to 
Art. 32 


1—Ak 
H = H Se ae es . ° ° ° ° > 
‘1B. (80) 
_prsingA: , Ai 5 _ Bs 
where o= B,’ Ais A,’ = B,’ and 
A:=8 a—8 sin a cos a—2 asin? a—3 B—9 sin 8 cos 8+12 cosasin 8 
ne 
—6 sin’ 6+6 asin asin B42 a 28, 
sina 
A.=3 a—8 sin a cos a+2a sin? a+6 8 sin* B—3 8+3 sin cos 8 


—6a sin asin B—2 eee. 
sin a 
B:i=a (a+sinacosa) —2sin?a, B,=a(a+sinacosa). 
Formula (80) agrees exactly with that given by Capt. Eads in the Report 
above quoted, if terms containing « are neglected. Since xc = 5 where I 
is the moment of inertia and A is the area of cross-section; 7 being the 


radius; for small central angle r is very large in proportion to or the 


A 
square of the half depth. In such case, then, x may be neglected. For 
8=a, we have H=0, as should be. For 8 = —a, we have load over 


entire span, and 
8 a—2 asin? a—3 sin a cos a—« (8 a+2 asin? a—8 sin a Cos a) 


meres s (1+«) a (a+sin a cos a) —2 sin? a 


Approximately we have, by series, for full load, from (80): 


_pat 4Ah* _pat_ Ait 
were 451+4Ah? Bh 459%? +4h? * * (81) 
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For a = 90°, or for semi-circle, we have from (80) 


ie ae. - J [s 1—6 B+18 sin 8 cos B—12 8 sin? B+6 wsinB 
fer > 

+x (—8 r—12 Bsin® 8+6 8—6 sin 8 cos 8+6 wr sin 8+2 a sin® al. 
For 8 = — 90°, or for full load upon semi-circle, 


= Pr [¢x—8are |. 


(c) Moment at unloaded end. 
From Art. 18 (c) we have, for concentrated load, 


p, Sn - ee. 
sin a 


M,=;}Hr (2—cosa— <22)—4 
sina 


The value of H we have already given in (80). 
Inserting in the second term pda=prcos8dB8 for P, and then inte- 


grating, we have 
M=AH-—-B....... 0 (8% 


where A =$9 (2—cos «— a! )= . (2—cose— 352), 
sin a 2 sin a sin 


a 
2 3 
and B= Pia, (sme —sing) 
For a uniform load over whole span, 8 = — a, and 


_ 2pr? sin’ a 

3 . ° 
We have from (83), by series, the approximate formula for moment at 
crown 


M =1Hr (2— cos «— =") - (83) 


sin o 


4AM+17510* __ | 424M +175 9° at 
4AM+ 4510 °?" Gp g 


where A is the area and I the moment of inertia of cross-section, g the 
radius of gyration, or, approximately, the half depth for framed arch—as 
always a negative moment indicates tension in lower or inner flange. 

Equations (79), (80) and (82) may, if desired, be tabulated as in Art. 18. 
For small central angles, or for 4 small with respect to a, « may be disre- 
garded, and the results already given for parabola (Art. 83) may be taken 
as sufficiently exact. 


o=— ty ph? 


. (84) 
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CHAPTER XV. 


THE STONE ARO. 


167. Definitions, ete.—In the stone arch we have a system 
of bodies in contact with each other, and so supported between 
certain fixed points, that they are not only in equilibrium 
among themselves, but also with the exterior forces. The sur- 
faces of contact we call the ded-joints ; the fixed points are 
the abutments ; the central or highest arch stone is called the 
key-stone, and those resting upon the abutments, the zmposts. 
The inner and outer limiting surfaces of the arch, generally 
curved, are designated as the éntrados and extrados, and the 
arch stones couarails are called voussowrs. 

168. Line of Pressures in Arch,—We have already indi- 
cated (Art. 28, Fig. 16) the manner in which a number of suc- 
cessive forces are resisted by an arch. We see from the force 
polygon in that Fig. that the horizontal pressure is the same at 
every point, and that the vertical pressure is equal to the sum 
of the weights between the crown and any point. The pres- 
sure line is then an equilibrium polygon formed by laying off 
the weights of the arch stones, choosing a pole, and drawing 
lines from this pole, etc., as described in our second chapter. 

If the weights are very small, and their number very great, 
the equilibrium polygon becomes a curve. This curve for 
equilibrium should never pass outside the limits of the arch. 

169, Sliding of the Arch Joints,—The arch is properly, 
then, nothing but a curved wall. Upon a vertical wall, which 
may also support loads, but which has no horizontal thrust, only 
vertical forces act, and the resultant is known in position and 
direction. We may, then, investigate the stability of an ordi- 
nary wall, and apply the eonsilts directly to the arch. 

We assume the wall divided by plane bed-joints extending 
through its entire breadth, whose distances apart depend upon 
the dimensions of the stones. These joints are the weak places 
of the wall, since separation here is not resisted by the greatest 
strength of the stone. Neglecting the influence of the mortar, 
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we assume that any section along a bed-joint resists only a per- — 
pendicular pressure due to the parts above, and a force paral- 
lel to the joint which must not exceed the resistance to sliding 
due to friction. If this parallel force is greater than the resist- 
ance of friction, the upper part will slide upon the joint. 

If we represent the greatest angle of repose by ¢, then the 
resultant of the vertical forces, acting upon the joint in ques- 
tion, must make an angle with the normal to the joint ess than 
theangle ¢. Thus at the joint A (PI. 24, Fig. 95), this angle is 
greater than ¢, and the upper part will slide along this joint. 
At B this angle is less than ¢, and no sliding can take place. 

The ratio of the force of friction due to the component of P 
normal to the joint, to the component of P parallel to the joint, 
we call the coefficient of safety against sliding. - It is evidently 

tan ¢ 
tan PN 

Since we can dispose the bed-joints at pleasure, we may 
always make them perpendicular to the direction of the pres- 
sure, for instance in Fig. 95 horizontal; or at least so place 
them that their normals vary from the direction of the resultant 
of the outer forces, at most by an allowable angle P N. 

The sliding of the joints can then always be prevented by the 
position of the bed-joints. . 

170. Forces acting upon a Cross-section—Neutral Axis, 
—Let us consider what happens when the resultant of the outer 
forces acting upon a joint, instead of acting at the centre of 
gravity, approaches the edge of a joint, under the assumption 
that sliding cannot take place, or that the direction of this re- 
sultant is perpendicular to the joint. There is no reason for 
assuming the distribution of pressure upon the joint surface 
any different from the case of a beam. The stone, as well as 
the mortar, is elastic, though in a less degree than wood or iron, 
and accordingly the pressure at any portion of the joint is pro- 
portional to the approach of the limiting surfaces of the upper 
and lower portions of the wall. If, then, we assume that these 
surfaces are plane before and after loading, if the resultant 
pressure does not act at the centre of gravity, but near to one 
edge, the pressure at different points will vary, and there will 
be a neutral axis, or line of no pressure, either within or wholly 
without the joint surface. 

Every cross-section is therefore acted upon by a system of 


equal to , or to the distance GN divided by PN. 


. i et ht oe i ee Es 
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parallel forces whose intensities are directly as their ON 
Srom a certain axis, 

Now, neglecting the influence of the mortar, the wall can 
resist compression only,- No tension can exist at any point of 
the joint surface. 

Clearly, then, the neutral axis should lie wholly without the 
cross-section, or at most only touch it. It should never be 
found within the cross-section, as in that case all the material 
on the other side is useless, and might be removed entirely 
without affecting the pressure upon the actual bearing surface. 

The neutral axis, then, should always lie without the cross- 
section of the joint. 

171. System of Parallel Forces whose Intensities are 
proportional to their Distances from a certain Axis—The 
Kernel of a Cross-section.—If in a system of equal and paral- 
lel forces we find the moment of each of these forces with 
reference to a certain axis, and then consider these moments as 
themselves forces, we shall have a system of the kind referred 
to, since each moment force will be directly proportional to its 
distance from a given axis. 

Now, as we have seen in Art. 60, Chapter VL., the centre of 
action of such a system of moment forces does not coincide 
with the centre of gravity of the-original simple forces, but for 
any given axis is found from the central curve of the cross-sec- 
tion. In Pl. 11, Fig. 35, we have already given the construe- 
tion for finding this centre of action, the semi-diameter of the 
central curve being known, for any given axis. 

Suppose now this axis to envelop in all its different posi- 
tions the outline of the given cross-section, and find the corre- 
sponding positions of the centre of action of the moment forces. 
These different points lie in a closed figure which we may call 
the kernel of the cross-section. Then, in order that we may. 
always have compression in every part of the joint surface of 
our wall, the resultant of the forces acting upon it should 
always act within the kernel. 

In Plates 11 and 12, Figs. 36, 37, 88 and 40, we have con- 
structed the kernels of the various cross-sections represented. 

Thus in Fi ig. 86, according to the construction of Art. 62, for 
an axis at A, we describe upon OC a semi-circle. Then with O 
as a centre ara radius equal to semi-diameter of the central 
ellipse on A C, describe an arc intersecting the semi-circle in a, 


318 THE STONE AROH. [CHAP. XV, 


From @ drop a perpendicular upon AC, and we obtain the 
centre of action for axis at A. A similar construction for other 
axes, as A B, BC, etc., give us other points, and we thus find 
the small central parallelogram, which is the ernel or locus 
of the centres of action of the moment forces for all positions 
of the axis enveloping the parallelogram AB,CD, A similar 
construction gives us the kernel for the other figures. 
We have from Art. 60 


a’ 


ni=—>~ 
e 

where it = the distance of the resultant P of the forces acting 
upon the cross-section from the centre of gravity, and a= the 
semi-diameter of the central curve, and ¢ = the distance of the 
neutral axis from the parallel diameter of the central curve. 

If we call ¢ the distance of an outer fibre from this diameter 
measured on the side of P, its distance from the neutral axis 
is@+e, If the strain in this fibre is S, we have 


PRA 
S:2+c¢°: “A: 
where A is the area of the cross-section. Hence 
Pp C 
“ ae +5). 


If P acts at the centre of gravity of the cross-section, 7 = o 


(Art. 60), the neutral axis is infinitely distant, and S =*. If 


P moves away from the centre of gravity, the neutral axis 
approaches, and is always parallel to the conjugate diameter 
in the central ellipse. When P reaches the perimeter of the 
kernel, the neutral axis touches the perimeter of the cross- 
section, and at least, then, in one point of this perimeter, the 
pressure is zero. If P passes beyond the kernel, the neutral 
axis enters the cross-section, and tensile strains enter on one 
side to balance the compressive strains on the other. The ker- 
nel then forms a lint beyond which the resultant P must not 


act. 
172. Position of Kernel for different Crosseccttons = 
If the cross-section is Mess with reference to the cen- 


tre of gravity, we have < = 1, and therefore S = = ; that is, 
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when the neutral axis touches the cross-section, or P acts in 
the kernel, the strain S is ¢wice as great as when P passes 
through the centre of gravity of the joint surface and is uni- 
formly distributed. 

As P passes beyond the kernel, the neutral axis, as we have 
seen, enters the joint area, and on the side away from P occa- 
sions, or would occasion in a beam, tensile strains. But as the 
assumption is that the joint (neglecting mortar) cannot resist 
tensile strains, we may remove all that portion on the opposite 
side of the neutral axis without increasing the pressure on the 
other side. 

In this case, then, the central ellipse is not that for the whole 
joint area, but only for that portion on the same side as P, and 
P is upon the kernel for that portion. 

This portion can be determined directly for a certain posi- 
tion of P only in a few individual cases; generally, it must be 
found by trial. We must first find for the central ellipse of 
the entire joint area the neutral axis corresponding to given 
position of P, and then draw a parallel cutting off somewhat 
more of the area. Then determine the central ellipse of the 
cut-off portion, and see if the pole lies symmetrically to the 
pole of the cutting line. 

The parallelogram is one of the areas in which we can de- 
termine directly the amount cut off when P acts at a point 
upon the line joining the centres of two opposite sides. For if 
we cut off by a parallel to these sides a portion so that P is at 
$d of the /zne joining the centres of the opposite sides of the 
new parallelogram, then P lies upon the kernel for this new 
area. The proof is easy. The moment of inertia of the 
parallelogram is +, 6 A’, with reference to the diameter 6. The 
square of the radius of gyration a’ is then },/*. The distance | 
of the point of application of P from one of the sides is 


* * a 
,+m=—7+ z Hence 


corey Ids 9 fed 
| t+- fone Ie tk =$th+th. 

The half height of the kernel is, then, 4th the height of the 
parallelogram, or the kernel oceupies the inner third. (See Fig. 
36; also Woodbury: Theory of the Arch, p. 328, Art. 3.) 


Fer any given position of P, then, three times its distance 
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from the nearest side on a line parallel to the other two, gives 
. the position of the fourth side of the parallelogram for which 
P is upon the kernel. 

173. The resultant pressure ‘should therefore act 
within the middle third of the joint area,—As this prin- 
ciple is most important, and the demonstrations of Chapter VL, 
upon which the above result is based, may appear to some too 
purely mathematical, we give here the demonstration of the 


same principle as given by Woodbury, in the work above — 


cited. 

“ Suppose the pressure to be nothing at the intrados a, and 
to increase uniformly from that point to the extrados 6 (PL 
24, Fig. 96). It is plain that the pressure at any point along ab 
will be represented by the ordinate of a certain triangle. The 
whole pressure will be represented by the surface of that tri- 
angle; and the point of application of the resultant of all the 
pressures will be at ¢ opposite the centre of gravity of that 
triangle. We have then ch=4ab. Vice versa, if the point 
of application be at ¢, cb =4a), we know that the pressure 
is nothing at a. 

“If the point of application be at ¢, ¢d being less than he ab, 
¢ being still opposite the centre of gravity of the tania 
whose ordinates represent the pressure, we know that the ver- 
tex of that triangle and point of no pressure are at ¢,be=3 
x be. 

“Tn this case, the joint ad will open at @ as far as e; the 
adjacent joints will also open until we come to one where the 
curve of pressure passes within the prescribed limit. 


“This reasoning is, of course, applicable to all the joints; - 


and we readily conclude that the curves of pressure should lie 
entirely between two other curves which divide the joint into 
_ three equal parts.” 

Thus, in Pl. 24, Fig. 97, suppose the resultant P of‘ the 
upper part of the wall to have the position as represented, so 
that it intersects the joint BD in C outside of the middle third 
of the cross-section. The entire pressure is distributed over 
3CB= AB, and the area DA does not act at all. Moreover, 
the pressure at B is ¢wice as great as when P passes through 
the centre of gravity and is uniformly distributed over AB, ox 
is ds of the uniformly distributed pressure of P upon CB. 

Beyond A the pressure is zero, and the conditions of load 
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and equilibrium would not be changed if Be stone beyond A 
were removed. 

If C approaches still nearer B, so that the pressure is distrib- 
uted upon an ever-decreasing area, the resistance of the mortar 
will be finally overcome ; it will be forced out, and stone will 
come in contact with stone, and there will be rotation about the 
edge at B. This rotation can never occur if the pressure P is 
distributed over the whole joint area. If, then, we consider 
rotation to commence at the moment when P is no longer dis- 
tributed over the entire area—when, therefore, the neato’ axis 
just enters the joint—then, in order that no rotation may occur, 
P must pierce the joint area inside the kernel. 

174, Line of Pressures in the Arch.—When the dimen- 
sions and form of a wall are given, we can determine directly 
the resultant P of the outer forces acting upon a joint, and then 
by the two preceding Arts. can determine the condition of sta- 
bility of the wall. In the arch, however, we cannot determine 
P directly for a given cross-section, but must first make certain 
assumptions. 

In the first place, it is clear that an arch is stable when it is | 
possible in two joints to take two reactions P, and P, (Pl. 24, 
Fig. 98) such that, with the weight of the intervening portion 
of the arch and its load, the resulting line of pressure shall lie 
so far in the interior of the arch that rotation about a joint edge 
cannot take place. If the arch is so feeble and the resistance 
of the material so slight that only one such assumption of P, and 
P, can be made, and only one such pressure line drawn, this is 
plainly the true pressure line for stability, and by it P, and P,, 
as also the pressure at every joint, are determined. 

If, however, the arch is so deep and the resistance of the 
material so great that by variation of P, and P, several such 
pressure lines may be drawn, none of which causes rotation 
about a joint edge, which of all these possible pressure lines is 
the true pressure line of the arch ? 


We assert: That is the true pressure line which gives the 
least thrust consistent with stability, or which causes the pres- 
sure in the most compressed joint to be a mimimum. 


If we assume the material so soft that the pressure line ap- 
proaches the axis so near that only one assumption of P, and 
P, is possible, then this would evidently be the true pressure 


line. If now the material hardens without altering any of its 
21 
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other properties, such as its specific weight or modulus of elas- 
ticity, then the position of the pressure line is not altered. As 
there is no reason for supposing the pressure line different in 
an arch built of hard material from that in one originally soft 
which has afterwards gradually hardened, it follows that the 
pressure line in all arches of same form and loading has the 
same position which it would have had if the arch had been 
originally of the softest material; that is, that position which 
gives the least thrust consistent with stability, or makes the 
pressure in the most compressed joint edge a minimum. 

In order to draw the pressure line in an arch, we may then 
seek by means of the formula 


a= = = (1 a & ‘) 
A 

this pressure in the joint, where the pressure line approaches 
nearest the edge, and ascertain whether it can be still further 
diminished by change of position of the pressure line. This is, 
however, not necessary. We have only to ascertain whether it 
is possible to draw a pressure line whose sides cut the corre- 
sponding joint area, within the kernel, for then, since we know 
that there can be a still more favorable position, there is no 
danger of rotation. 

175. The Line of Support.—The curve formed by joining 
the intersections of the sides of the pressure line with the joint 
areas we call the support line, or line of support. 

If the joints of an arch answer to the condition of Art. 169, 
so that sliding of the joints cannot occur, we see at once from 


the position of the support line on what side and where rota- 
tion will take place. If at any point this line passes beyond 


the kernel, we have theoretical beginning of rotation; if it 
passes outside of the arch, there is actual rotation, and if it lies 
within the Zernel, there is no rotation. 

The manner of determining from the position of the support 
line all the possible motions of an arch is illustrated in the fol- 
lowing Figs. 

In Pl. 24, Fig. 99, we have a possible support line touching 
the extrados at crown and springing, and the intrados between 
these points. We have accordingly rotation at crown, and at 
the points between crown and springing, so that the joints at 
these points open on the sides of the arch opposite the support 
line. The crown will sink, and as at the crown and flanks the 


CHAP. Xv. ] THE STONE ARCH. 823 


support line is approximately parallel to the extrados and intra 
dos, there will be several joints in the same condition, and 
several will open, as indicated in the Fig. 

In Pl. 25, Fig. 100, we have the condition of stability of a 
pointed arch, not loaded at the crown. The support line is 
horizontal at crown, and there is no angle there, as in the arch 
itself. The rotation at various points-is indicated in the Fig. 
We shall soon see that the support line deviates but very little 
from the pressure line. From the direction of the tangent to 
the support line at any point, therefore, we may conclude as to 
the conditions of sliding. 

From Fig. 101 we may conclude that the arch will slide out- 
wards upon the right abutment. The rotation at various points 
is given by the Fig. It is sufficient, as we see, to make the 
abutment surface more nearly perpendicular to the support 
line, as shown in the left abutment, to prevent this sliding, and 
at the same time a more favorable support line can be drawn. 
Since, as we have seen in Art. 100, sliding can and must in 
this manner be always prevented, we shall give no more exam- 
ples of arches unstable in this particular. | 

The arches of Figs. 99 and 100 can be made stable by suffi- 
ciently increasing their thickness, or conforming their shape 
more nearly to that of the support line. 

176.. Deviation of the Support from the Pressure Line. 
This deviation is not great. In order to make it apparent, we 
must draw a pressure. line for slight pressure in the lower part 
of an arch with very long and inclined voussoirs [Pl. 25, Fig. 
102]. Thus, if we combine the weights of the voussoirs 1, 2, 3, 
4, etc., acting at their centres of gravity, with the pressure Q in 
the first joint, we have the pressure line shown by the broken 
line 1, 2, 3, 4, 5, 6, 7, 8, whose sides 1 2, 2 3, 3 4, etc., give the 
direction of the pressure in the corresponding joints between 
the voussoirs 1 and 2, 2 and 3, etc. Thus 56 is the direction 
of the pressure upon the joint between voussoirs 5 and 6. This 
direction cuts the joint at 5’, which is therefore the point of 
application of the pressure, or a point upon the line of support. 
Thus we find 3’, 4’, 5’, 6’, and the line joining these points is 
the support line. In general, then, the support and pressure 
lines coincide when the vertical through the centre of gravity 

of any very small element coincides with the joint, and they 
deviate when this vertical does not coincide with the joint. . 
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In the ordinary form of joint, as shown in Fig. 103, the sup- 
port line varies from the pressure line, since the vertical through 
the centre of gravity S does not coincide with the joint under 
S. If, however, we should conceive the arch divided into ver- 
tical laminge, then the support and pressure lines fall together. 
This is precisely the assumption always made in the analytical 
discussion of the theory of the arch. 


Thus we take the area A = / y de, and this expression sup- 


poses the arch divided into vertical lamine. 

The first to make clearly this distinction between the lines of 
pressure and support, was Mosely (Ciwil Hng.). Other authors 
have after him adopted this distinction, and then proved that 
the two lines always coincide, without remarking that this coin- 
cidence is only because of the adoption of the above integral. 
The same assumption simplifies greatly the graphical construe- 
tion also (the analytical treatment is without it well-nigh im- 
possible). We shall therefore assume vertical lamingze where 
it is at all permissible. This is always permissible at the crown 
of arches with horizontal tangent, because there the joints are 
vertical, and over all, when the pressure line lies below the 
axis of the arch; for the support line lies always above the 
pressure line, and therefore, in this case, the conditions of sta- 
bility are more favorable for it than for the pressure line itself, 
when considered as the line of support. 

Moreover, it is easy at any point of the pressure line con- 
structed with vertical laminze to pass to that line for another 
form of joint, and to the corresponding support line. Thus, if 
for the point A (Pl. 25, Fig. 104) we have found the pressure 
Q, and if now we wish to pass to the joint A BC, we prolong 
Q till it meets P, the weight of the voussoir A B C D, and re- 
solve P and Q at this point into Q’. Then Q’ is a side of the 
new pressure line, and it cuts A Bin a point of the support 
line. 

In this way we can easily determine whether the error com- 
mitted when we substitute the pressure line for vertical laminss 
for that for the actual joints, which is given by the segment of 
the joint A B between Q, and the pressure line, can be disre- 
garded, 

177. Dimensions of the Arch,—The object of the con- 
straction of the pressure or support line in the arch is to deter- 
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mine the stability and the joints of the abutments. When the 
live load of the arch can be neglected with respect to its own 
weight, and when the material of the arch possesses the usual 
strength, and the pressure line lies within the inner third, then 
the lower point of rupture lies so low that the back masonry 
reaching from this point beyond the pressure line completely 
encloses it. 

There is, therefore, nothing arbitrary, when the form of the 
arch is given, except the depth. Since in an arch of less depth 
than is allowable in practice a support line can still be in- 
scribed, the graphical method is unable to determine the 
proper depth. We must then leave to theory the development. 
of formulse by which this can be determined, and assume that 
not only the form of the arch is given, but also its proper 
depth and the lower joint of rupture. It is required to deter- 
mine the stability of the abutments. 

The stability of the abutments can be regarded from twe 
points of view. We may consider it as a continuation of the 
arch, as in many English and French bridges, in which the 
arch is continued as such, clear to the foundation ; or we may 
regard it as a wall whose moment about the joint of rupture 
resists the rotation about this joint due to the thrust. Both 
views are identical, as the entire theory of the support line rests — 
upon the investigation of the rotation. They differ only in the 
method of expressing the safety of the abutment. 

If the arch is continued to the foundation, and the space be- 
tween it and the road line filled up by spandrels; or if the 
thickness of the abutment increases from above as the support 
line requires ; or, as is often the case in England, the abutment 
consists of walls parallel to the crown, separated by hollow 
spaces; still, in every case the abutment is not to be distin- 
guished from the arch proper—it is stable when the support 
line lies in the interior. If the prolonged arch is separated 
entirely from the adjacent masonry, there is no reason for not 
giving the axis of the prolongation the form of the support 
line itself. 

If,on the other hand, there is no separation of the arch and 
abutment, as in the English hollow abutments, it is sufficient 

‘that the support line lie in the inner third, and the abutment 
will be certainly stable. 

The supposition that the resistance of the mortar is suffi 
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ciently great to unite the whole abutment as a single block 
which turns about its under edge, gives too small dimensions. 
To ensure safety it is assumed that equilibrium exists with 
reference to rotation about the lower edge, when the thrust of 
the arch. is 1.5 greater than the actual. Investigations of 
French engineers haye shown that this coeflicient of safety for 
very light arches is not less than 1.4. The old tables of Peté 
give 1.9. We assume it, therefore, = 2. 

If, therefore, the double thrust of the arch at the lower point 
of rupture is united with the weight of the abutment, the re- 
sultant should s¢¢d/ fall within the base. Since it is indifferent 
in what order the elements of the abutment are resolved, it is 
best to divide it into vertical lamin, and unite these with the 
double thrust. The equilibrium polygon thus obtained should 
cut the foundation base within the edge of the abutment. 

When the thickness of the abutment is thus determined, we 
must construct the actual pressure line for the simple thrust 
in order to determine the joints. In drawing this second pres- 
sure line, we should properly take the divisions of the arch by 
the joints themselves. If; however, we take the division in 
vertical lamin, the deviation, as we have seen, is insignificant. 
The normals to the actual joints must, then, not deviate from 
the sides of this pressure line by more than the angle of 
repose. 


178. Construction of the Pressure Line. ees Pl. 25, Fig. - 


105, we give the method of construction of the proper width of 
abutment for an arch. We first divide the arch into vertical 
laminge, and determine their weight. If the surcharge has 
vacant spaces, or is generally of different specific weight from 
the material of the arch itself, it must first be reduced. Thus, 
if the surcharge (spandrel filling, etc.) weighs, for instance, only 
2ds as much as an equal area of masonry in the arch, we have 
simply to diminish the vertical height above the ancl by 4d. 


We thus obtain the dotted line given in the Fig., which forms ~ 


the limit of the reduced lamine, and we can insist the areas 
bounded by this line—the vertical lines of division and the 
intrados—as homogeneous. We have then only to determine 
the centres of gravity of the various laming: according to the 


construction for finding the centre of gravity of a trapezoid 


(Art. 33), and suppose at these points the weights, which are 
proportional to the reduced areas of the trapezoids to act. 
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Laying off these weights in their order, we have the force 

line (Fig. to left). The weights of the abutment lamines 9, 10 
and 11 are laid off to same scale one-half of their proper in- 
tensities, The reason will soon appear. 
ist. To determine the thrust H, and also the joint of rup- 
ture. » , 
We first inscribe a pressure line by eye, and assume the 
point of the intrados to which this line most nearly approaches 
as the edge of the joint of rupture. Draw next from the cor- 
responding point of the force line a line parallel to the assumed 
pressure line at this point. This line will cut off from the 
horizontal through the beginning of the force line our first 
approximate value of H, 

Thus, suppose we have inscribed by eye the pressure line 1, 
2, 3, 4, etc., which gives us the point @ for the position of the 
edge of the joint of rupture. Then a line drawn from 5 on 
the force line, parallel to the side 45 of the pressure line, gives 
us our first value for H. | 

Now assuming this value of H, we erase the first assumed 
pressure line, and proceed to construct the pressure line cor- 
responding to this value of H, and the force line divisions 1, 2, 
3, 4, etc. If this pressure line lies always within the middle 
third of the arch, it may be taken as the proper pressure line, 
and H as the true thrust. In general, however, this will not 
be the case. The pressure line thus determined may even pass 
without the arch entirely. We then determine the new point 
of rupture, as given by the point of exit of this pressure line, 
and produce the side at this point back to intersection with H 
prolonged. From this point of intersection draw a line which 
does lie within the middle third of the arch at the lamina of 
rupture, and then in the force polygon from the corresponding 
point of the force line draw a parallel to this line, thus cutting 
off a new value for H. Erasing now the preceding pressure 
line, we construct a third with this new value of H, producing 
it right and left from the new line just drawn, which does lie 
within the middle third, which will in general give us a pres- 
sure line lying everywhere within the middle third of the arch. 
If not, another approximation may be made. We thus find by 
successive approximation the true joint of rupture and the cor- 
responding thrust.* 


* Instead of the ‘‘ middle third” we may allow the pressure line to approach 
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Qd. Width of abutment.—Since we have laid off the arch 
weights to scale in their true value, the pressure line thus ob- 


tained is the true pressure line for the arch. But we have laid * 
off the abutment lamingze 9, 10, and 11, one-half their true value, aia 
and the pressure line thus obtained with the same thrust and " 


pole O is the same as if we had taken their true value and twice 
H, Its intersection with the foundation gives us, then, the 
proper width of the abutment for stability, according to our b 
assumption of 2 for the coefficient of stability (Art. 177). 4 

179. Thus we can easily determine for any given case of arch 
and surcharge the horizontal thrust and the proper width of abut- > 
ment, and then from the pressure line can easily so dispose the he 
joints as to prevent sliding. If the dimensions of the arch as— 
given are not such as to be stable, it will be found impossible 
to inscribe, as above, a pressure line which shall lie within the 
middle third, and the curve of extrados or intrados will have to r 
be altered so that this shall be the case. The pressure line thus 
obtained, it is true, does not exactly correspond with the true ss 
one, as it is still possible to inscribe another which shall deviate 
still less from the true line. We have also taken the double 
thrust forthe abutment laminze alone, instead of for all laminge 
from the joint of rupture of the arch. Both deviations are made 43 
on account of the far greater ease and rapidity of construction. Pr: 
It would be found very tedious to take first the force polygon up % 
to somewhere about the section of rupture, then by long trial - 
find the innermost support line, and finally, after the section of - 
rupture is by this line determined, to lay off the remainder of the ! 
force polygon, and prolong the pressure line through the abut- 
ments. > 

It is far simpler to proceed, as above, by assuming the point 
of application of the horizontal thrust, as also temporarily the 
section of rupture. We obtain thus a somewhat smaller value 
for the width of abutment, but, on the other hand, we have 
taken the coeftlicient of stability at 2 instead of 1.9, as assumed — 
in Petits tables. 

Moreover, the widths of abutment thus obtained are greater 


the edge as near as the strength of the material will allow. In many arches the | 
pressure line does pass outside of the middle third. The condition is not 
essential for stability, except in the absence of data determining the proper 
limits. If the pressure line will not lie within the required limits, whatever 

they are, the dimensions of arch must be changed, so that it will. 42. ad 
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than those obtained by these tables, as it is assumed in them 
that the point of application of the horizontal thrust is at the 
upper edge of the abutment. Thus in every respect the con- 
struction gives results reliable and even more accurate than the 
tables, as we take the arch as it really zs in any given case, while 


in the tables suppositions are made with reference to spandrel 


filling, ete., which do not hold good for every case. 

180. Proper Thickness of Arch at Crown.—Lhe proper 
depth of the arch at the key depends not only upon the rise 
and span, but also upon the load. The pressure at the extrados 
at the key, which is, in general, the most exposed part of joint, 
should not, according to the best authorities, exceed ;yth the 
ultimate resisting power of the material. If P is the pressure 
per unit of surface, H the thrust, and d the depth of key-stone 
joint, then Pret ae 

d 
since, on the assumption that the curve of pressure does not pass 
outside the kernel, the maximum pressure is twice the mean 


pressure = This mean pressure, then, should not exceed j,th 


the ultimate resistance of the material. In the best works of 
Rennie and Stevenson the thickness at key varies from 3th to 
gizd the span, and from ,/,th to th the radius of the intrados. 
The augmentation of thickness at the springing line is made 
by the Stevenson’s from 20 to 40 per cent., by the Rennie’s at 
about 100 per cent. 

Perronet gives for the depth at crown the empirical formula 


d = 0.06947 + 0.825 meters, 
in which ¢ is the greatest length in meters of the radius of cur- 
vature of the intrados. 
For arches with radius exceeding 15 meters, this gives too 
great a thickness. According to Rankine, 


d = 0.846 yr 
for circular arches, and 

d = 0.412 7, 
where 7 is the radius of curvature of the intrados at the crown 
in feet. 


“The London Bridge is in its plan and workmanship per- 
haps the mnst perfect work of its kind. The intrados is an 
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ellipse, the span 152 ft., the rise 4th as much, the depth of key 
goth the span. The crown settled only two inches upon re- 
moval of centres.”—[ Woodbury: Theory of the Arch.} 

In general, we must first assume the depth at key in view of 
the strength of the material, the character of the workmanship, 
the load, etc. Then the thrust being found, we find the mean 
pressure per unit of area as above. If this mean pressure 
exceeds y,th the ultimate resisting power of the material, make 
a new supposition, increase the thickness, find the thrust and 
pressure anew, and so on, till the results are satisfactory. 

The ultimate resisting power of granite. may be taken at 
6,000 lbs., brick 1,200, sandstone 4,000, limestone 5,000 Ibs. per 
square inch, These radian are, of course, very getlaral; and sub- 
ject to considerable variations, according to the kind and quality 
of the stone. The strength of the material to be used must, for 
any particular case, be determined by actual experiment. 

The weight of a cubic foot of stone may, in general, be as- 
sumed at 160 lbs., brick masonry at 125 lbs. 

181. Increase of thickness due to change of form,.— 
Having obtained a thickness which satisfies all the conditions, 
we must, if the arch be very light, make some further provi- 
sion for the change of form which is sure to take place after 
the removal of the centres. By this change of form the pres- 
sure line is altered, and the thickness may need to be increased. 
In general, we need only to increase the depth from the key to 
the springing. This increase need not exceed fifty per cent. at 
the joint of rupture and weakest intermediate joint. [ Wood- 
bury: Theory of the Arch.] 

is2, Thus, by a simple and rapid construction, we can deter- 
mine, for any particular case, the thrust, joint of rupture, and 
proper thickness of the abutments, without the use of tables or 
the intricate formule usually employed. There is no difficulty 
in laying down on paper and verifying all the elements of the 
most complex case. The method is entirely independent of 
all particular assumptions, and is therefore especially valuable 
when irregularities of outline or construction place the arch 
almost beyond the reach.of calculation. It is general, and may 
be applied with equal ease to loaded and unloaded, full cirele, 
segmental, or elliptical arches with any form of surcharge. 
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CHAPTER XVI. 
THE INVERTED ARCH—SUSPENSION SYSTEM. 


1s3. The inverted arch forms the supporting member of 
chain or cable suspension bridges. Whether the cable be com- 
posed of chains, links, or wires, we suppose them so flexible 
that they can perfectly assume the curve of equilibrium. As, 
therefore, disregarding the dead weight, any partial load would 
cause a change of shape, the cables must be stiffened in order 
to prevent the motion which would otherwise take place. 

We maystiffen the chains, as shown in PI]. 26, Fig. 106, by trian- 
gular bracing, thus making a rigid system ; or we may have two 
parallel chains and brace them to each other, as shown by Fig. 
90 inverted ; or we may introduce an aua«iliary truss, the office 
of which is not to add in any degree to the supporting power 
of the combination, but simply to dstribute a partial load over 
the whole span, so as to cause it to take effect as a distributed 
load, and thus prevent change of shape. 

As in the first and last cases the structure is commonly 
hinged at the centre in order to eliminate the ‘effects of tem- 
perature, the method of resolution of forces explained in Arts. 
8-13 will, in general, be applicable for the determination of 
the strains. 

In the second case, we can apply the principles of Arts. 158- 
161. 

The rear chains, anchorages, and stiffening truss deserve, 
however, special notice. 

184, Rear Chains and Anchorages.—The greatest ten 
sion in the main chains occurs, of course, for full load. To 
find the tension at top of tower, as also the horizontal pull, we 
have simply to lay off half the whole load vertically from o to 
d [Pl. 26, Fig. 106], and then draw Oo horizontal and Od 
parallel to the last side at tower. Then Od is the tension in 
that side, and 0 O the horizontal pull. This pull is neutralized 
by the opposite and equal pull of the rear chain leading to the 
anchorage; provided, as should always be the case, it makes an 
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equal angle with the vertical. We have thus acting upon the 
tower simply the half load; and the tension in the rear chain 
is equal to that in the last link, Od. 

If from O we draw parallels to the other links, we have at 
once the strains in these links, O ce, O 4, O a, ete. 

Now, if the anchorage is a solid block of masonry, its eon- 


dition of stability is, of course, very easily determined. The 


moment of the tension in the rear cable, with reference to the 
edge of rotation, must be more than balanced by the moment 
of the weight of the block acting at its centre of gravity, with 


reference to this edge. The case is too simple to need further 


notice. 

It is, however, more economical to make the anchorage hol- 
low—that is, in the form of an arch. The preceding method 
for determining the stability of the arch has then here direct 
application. 

Thus, laying off along the vertical through the centre of the 
tower the weights of segments of the arch, we form with these 
segment weights and the double tension in the chain an equi- 
librium polygon. For this we have the pole O,, AO, being 
double the tension Od already found. We then draw O,1, 0,2, 
0,3, ete., and then from A parallels to these to the segment 
verticals 1, 2, 3, ete. We thus have the polygon A 1, 2, 3, 4, 5. 
[ Note—We take the double tension, as before, for the arch, we 
took 2 H instead of H, in order to ensure stability. ] 

The last line of this polygon 45 prolonged must, for sta- 


bility, pass within the pier abutment, and its resultant, when it 


is combined with the weight of the pier and pier abutment, 
must pass within the abutment foundation. Through its inter- 
section with the vertical line through the axis of the tower the 
curve of pressure for the arch must pass. 

Drawing now O, 4 parallel to the rear chain, and making it 
also equal to the double tension, or twice O d, we find the pole 


O,, and from it draw 0,1, 0,2, O, 3, etc., and then construct — 4 


the pressure line for the arch. It must, for stability, lie within 
the middle third. 

To ensure stability when the tension in the rear chain dimin- 
ishes, or when the bridge is unloaded, the arch must be stable 
by itself. We must, therefore, construct the curve of pressure 
for the arch alone, neglecting the tension of the rear chains, 
as explained in the preceding chapter. 
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If this also passes within the middle third of the arch, as 
represented by the dotted line, the arch is, under all circum- 
stances, stable, and can fully resist the tension of the rear 
chains. 

We can now, finally, so dispose the joints as to prevent 
sliding. 

185. Stiffened Suspension System.—We have already re- 
ferred to the methods of stiffening the cable or chain so as to 
prevent the changes of shape due to partial loading. Of these 
methods, it only remains to notice particularly the last, viz., by 
means of an auxiliary truss. The office of this truss is to dis- 
tribute a partial load over the whole length. We have now to 
investigate the forces which act upon the truss. 

In Pl. 27, Fig. 107, let the chain be acted upon by the truss 

represented by A B, which is called into action only by a par- 
tial load, and not at all by a total uniform load. We can neg- 
lect then the weight of the truss itself, as this is borne by the 
cable. At the apices 3, 4, 5, 6,7 let us suppose partial loads 
indicated by the small arrows pointing down. Then, at every 
point of connection with the chain, we have the reactions 1’, 2’, 
3’, etc., acting upwards. Now the truss must prevent deforma- 
tion, and hence these forces are dependent upon the form of 
the cable itself. Indeed, if we take any point, as O, as a pole, 
and draw lines parallel to the respective sides of the cable, 
these lines will cut off upon a vertical P’ these forces. The 
absolute value of these forces will, it is true, vary according to 
the position of the pole assumed, but their relative proportions 
remain always the same. The resultant P’ of all these forces 
passes then through the intersection of the two outer sides of 
the catenary. 
- Since the truss distributes its load P upon the cable, the reac- 
tion Bat the right support is here zero. The reaction, however, 
at A cannot be zero unless P and P’ coincide, as is the case for 
total uniform load. These, then, are all the forces which are 
kept in equilibrium by the truss. If P is given, P’ and the re- 
action at A can be easily found, and if we then divide P’, ac- 
cording to the form of the chain, into the portions 1’, 2’, 3’, 
etc., we have the forces at each apex. 

Thus we lay off to scale the given forces 3,4, 5,6, 7 = P, and 
with a pole distance any convenient multiple of the height of 
truss draw lines to these points of division, and then construct 


334 THE INVERTED ARCH. [CHAP. X¥L 


the corresponding equilibrium polygon A 3, 4, 5, 6,7, B. Pro- 
long then the outer side B 7 to intersection with P’, and draw 
the closing line A P’. A parallel through O to this line cute 
off from the force line P the reaction at A and the cable reac- 
tion P’, 

Now P’ being thus found and the form of cable given, we 
have only to lay off P’ vertically, draw from its extremities 
lines parallel to the two outer sides of the given cable are, and 
from the pole thus determined, lines parallel to the other sides 
will give us the forces 1’, 2’, 3’, etc. These when thus found 
we lay off on our force line for the pole O, as shown in the 
Fig., and then construct the corresponding equilibrium poly- 
gon Al’,2’..... 9’, 10’, B. 

Thus the vertical ordinates between A P’, P’ B and this 
polygon give us the moment at any point for a truss acted 
upon by the forces 1’, 2’, 3’, ete., alone. The ordinates between 
A P’, P’B and the polygon A 3, 4, 5, 6, 7, give, in like manner, 
the moments for a truss acted upon by the forces 3, 4, 5, 6, 7, 
whose reactions are A and P’. The ordinates, then, included 
between both polygons give us the moment at any point of the 
stiffening truss. Thus the ordinate y, multiplied by the pole 
distance, gives us the moment in the truss at the point 0. If 
we had taken the pole distance O equal to the height of the 
truss, then these ordinates would give us at once the strain in 
the flanges. We can thus easily find the strains in the stiffen- 
ing truss for any weight or system of weights in any position, 

186. Most unfavorable method of Loading.—Let us in- 


vestigate the action of a single weight P at any point. In Pl, 


27, Fig. 109, we have a single weight P acting between A and 
Pr". 
The Fig. is nothing more than a repetition of Fig. 108, only 


we have a single load P instead of a system of four loads, and . 


therefore the polygon for P consists only of two straight lines 
instead of having as many angles 3, 4, 5, etc., as there are apex 
loads in the first case. All lines have the same position as in 
Fig. 108, and hence the construction needs no further explana- 
tion. 

We see at once from the Fig. that any load between A and 
P’ increases the moment at every point of the span A B, and 
therefore at the point of rupture or of maximum moment also. 
So also for the shearing force. When, therefore, the moment 
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at any point, and the sum of the forces between that point and 
A, is a maximum, at least the entire distance from A to P’ 
must be covered with the load. 

In Fig. 110 we have the weight P on the other side of the but 
centre P’. The construction is identical with Figs. 109 and 108, 
the position and the direction of action of the forces is now 
different. Since the resultants A and P’ now lie on the same 
side of P, A and P’ act in opposite directions, and since P’ 
must still act upwards, A must act downwards. In the neigh- 
borhood of 5’ the moment is zero. Between this point and B 
the moments have the same signification as in Fig. 109; on 
the other side the moments have then a different sign. In 
order, then, that the moment at 5’ shall be a maximum, the load 
must cover the length from A to P, this last point being the 
point at which a load causes no moment in 5’; for if any 
point between A and P were not loaded, as we have seen, a 
load at that point would increase the moment at 5’. A load 
beyond P, however, would diminish the moment at 5’. 

The above holds good for every point between A and P’, and 
therefore for the point of rupture or of maximum moment it- 
self. In order that this maximum moment can be no more 
increased, the load must extend from A beyond the centre to 
that point at which a load being placed causes no moment at 
the cross-section of rupture. 

As for the shearing force, at the end A it will evidently be 
greatest for load from A to P’, or over the half span, since 
every load on the other side of P’ diminishes this reaction. 
Hence we have the following principles established : 

The moment at any cross-section of the stiffening truss is a@ 
maximum, when the load reaches from the nearest end beyond 
the centre to a point for which the moment at this cross-section 
4s zero. | | 

The above condition holds good, therefore, for the maximum 


| of all the maximum moments, or for the cross-section of rup- 


twre itself. 

The maximum shearing force is at one end of the truss 
when the adjacent half span is loaded. 

If the are is unsymmetrical, we must understand by “half 
span” the distance between the end and vertical through the 
intersection of the outer arc ends produced. 

187. Example.—As an illustration of the above principles, 
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let us take the structure represented in Pl. 28, Fig.111. Span, — 


60 ft.; depth of truss and panel length, 5 ft. Scale, 10 ft. to an 
inch. We suppose the live load to be 2 tons per ft., giving 


thus 10 tons for each lower apex, and take the scale of force 50 ~ | 


tons per inch. 

On the left we have laid off the force lines for the loads 2, 3, 
4, 5, 6 and 7 to 11, and have taken the poles for each, so that 
the first lines are all parallel to each other and to the first link 


of the cable; the common pole distance being 24 times the 


height of truss, or 1.5 inches. The moment scale is then 
15 x 10 x 50 = 750 ft. tons per inch. Since the full load is 
entirely supported by the cable, we have only to investigate the 
effect of the live load upon the truss. 

Precisely as in Fig. 108, we construct the polygons for forces 


2-11, 3-11, 4-11, etc., and draw the closing lines as indicated — 
by the broken lines radiating from the centre O. Parallels to 


these from the poles cut off from the force lines the end and 
chain reactions. The upper portions are the chain reactions, 
the lower the reactions at the right end for the loads 2-11, 
3-11, ete. 

Now we have to divide these chain reactions into as many 
parts as there are load apices by lines parallel to the sides of 
the chain. This we have done by drawing two lines parallel to 
the two chain ends, inserting the chain reactions between these 
lines, and then drawing parallels to the chain sides. If, as in 
this case, the curve of the chain is a parabola, these reactions 
are divided into 11 equal parts. If the chain has any other 
form, the parallels to the chain sides determine the relative 
lengths of these portions. 

‘It will only be found necessary to construct the moment 
polygons for 4, 5 and 6-11; the other polygons already drawn 
are necessary for the determination of the shearing forces only. 


Thus, on the force line for loads 4 to 11 we can now lay off — 


the 11 equal parts just found, into which the chain reaction is 
divided. So for 5-11 and 6-11. These portions we have indi- 
cated by oman numerals. We can now draw the correspond- 
ing polygons precisely as in Fig. 108, which are indicated also 
by Roman numerals. 

It is then easy with the dividers to pick out the maximum 


moment at any apex. These moments, laid off as below, give 


the curve of moments for the truss, which being scaled off and 


Oe ee ae a 
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divided by the depth of truss, give at once the straius in the 
flanges. Since the moment scale is 750 tons per inch and the 
depth of truss 5 ft., the moment ordinates scaled off at 150 tons 
per inch will give at once the strains in the flanges, without 
division. 

For the shearing forces, we know from the preceding that 
the maximum reaction at right end is for loads 6-11. This 
reaction we have already found in the corresponding force line 
by means of the closing line already drawn. We lay it off then 
right and left, half-way between the ends and first apex, that 
being the effective length of load, the two half-end panels rest- 
ing directly upon the abutments. 

The maximum shear at any point is evidently when the load 
reaches from right support to that point, and is equal to the 
sum of the chain reactions at the unloaded apices. Thus, max- 
imum shear at 3 is equal to the interval III for the line 
3-11; at 4, IIIT for line 4-11; at 5, IIV for line 5-11; 
and at 6,1V for line 6-11. Laying off the shear at 6, we 
can draw the line 6-11, as indicated inthe diagram, and thus 
determine the shear at 2. This we cannot find, as above, for 3, 
4, etc.,as for the load 2-11; owing to the shape of the chain 
as represented, there is no upward reaction at 1, as there is no 
angle of the chain at 6. 

The shear diagram is, of course, symmetrical on each side of 
the centre. We can therefore construct it as represented, and 
then the determination of the strain in the diagonals is easy. 
We have only to multiply the shear at any apex by the secant 
of the angle which the diagonals make with the vertical. This 
we may do by properly changing the scale at once, and thus 
scale off the strains directly. 

Iss, Analytical Determination of the Forces acting 
upon the stiffening Truss.— Assuming that the truss distrib- 
utes the partial loading uniformly over the whole arc, we may 
deduce very simple formule for the forces acting upon the 
truss. As we have already seen, for a maximum moment at 
any point, the load must always extend out from one end. 

Let us represent, then, the ratio of the loaded part from left 
to the whole span by &. 

Let the entire span be 2/, then the loaded portion is 2 #7. 
Let m be the load per unit of length; then the whole load 
P= 2kim [Fig. 108}. 

22 


= 
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The distance of P from the left is then half the loaded por- | 


tion, or £7. Its distance from P’, which acts at the centre of 
the span, is 7(1 — &). 

Hence we have for the left reaction A 

Ax7=Pi(1 — k) or AP i{l —k) =2kim(i—*&). 


Also P'l=Px kl or P=2K Im. 
The chain reaction per unit of length is then 
PY 
tea Fee . ‘ 


Now let # be the distance to the point of maximum moment. 
Now since at this point the shear must be zero, the weight 
of the portion 2 must be equal to A (Art. 38). 
We have then 
. Az 
Aw— —- =P(kl—2) =2kim(kl—a), 


whence, by substituting the value of A, 


eve: Qkl 
x ia 
Bat the maximum moment is Aw — a8 = = Ag and there- 
fore, substituting the value of w above, 
M max. = re 20m 


This becomes a maximum for 1 —4—/? = 0, or for 
k=%4 V5 —}= 0.618034. 


Therefore, the greatest moment occurs when 0.62 of the span 
is covered with the load. 
We have then the 


Length of the loaded portion, = 24/7 = 0.61803 x 2.2. 


Reaction, A = 242 m(1 —h) =( V5 — 2)27m=0,23607. 20m. 
Chain reaction, P’ =2/°7m = (3 —} V5) 21m = 0.88196. 21m. 


Load per unit in loaded portion, or the difference between 
the load m and the chain reaction m#’ per unit of length 
= m(1 — kh’) = 4 (V5 — 1) m= 0.61803 m. 

The distance of the point of maximum moment is 


2hl 
bal iss ge Bs 4 75) 27 = 0.88196. 22 = —_—__ 


A 
m (1 — FY 


lh i is” 


i 
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The maximum moment itself is 
A? _FP(A-~?z) 
Qm(li—kK)” l+k 


For a simple girder uniformly loaded, the maximum moment 
is¢p?. The maximum moment is then reduced from $ tc 
0.18, or to about $d, or 2s P;ths the maximum moment for a 
simple girder of same span and load.* 

If we represent the dead load by g, then, since the stiffening 
truss sustains only the moving load, we have 


O18 mP m _ 4m(0.60P 
(ptm) PF p+m 3(ptm) 

That is, the maximum moment in the stiffening truss is the 
same as for a simple girder of =8;ths the span, loaded only with 
the moving load. 

189, Summary.—The reaction at the end abutment and the 
chain reaction at each apex having been found, as above, for 
any given load, we might have found the strains in every 
piece by the method of Arts. 8-18. This would, however, in 
this case have proved long and tedious. The construction of 
the curve of maximum moments and shear is preferable. 

We can therefore readily determine the strains in such a 
combination as that represented in Fig.111. We have already, 
Arts. 90-94, given practical and simple methods for the deter- 
mination of the strains in braced arches of the usual forms of 
construction. 

It will be observed that it is by no means necessary that the 
arrangement of bracing and flanges should be the same as that 
shown in Figs. 90 and 94. 

Thus we may treat the arch represented in Fig. 5 (¢) accord- 
ing to Art. 158, as hinged at both abutments and crown, or, 
making the lower flange continuous at the crown, we may find 
the resultant pressures at the abutments by Art. 159, and then 
follow these pressures through precisely.as shown in the Fig. 

The combination of Fig. 111 being of considerable impor- 
tance, as the more usual form of construction of suspension 
bridges, and not falling under our classification of “ braced 
arches,” we have considered it desirable to discuss it somewhat 


2? m=(5V5—11) P m=0.18084 PF m. 


* Rankine gives #;ths for a girder whose ends are fixed, the greatest mo« 
ment occurring for a load over $ds the span. 
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fully. A better form of construction is that shown in Fig. 
106, which is perfectly rigid, and the strains in which are 
easily found by Art. 158 or 159, according as we hinge it in 
the centre or not. 


Reviewing now the preceding, we see that the graphical 
method, as here developed, furnishes us with a simple, accurate 
and practical solution of nearly every class of structure occur- 


ring in the practice of the engineer or builder. In our first — 


chapter, we have a method by the resolution of forces applica- 
ble to any framed structure, however irregular or unsymmetri- 
cal, provided only there are no moments at the ends to be 
determined. 

In Art. 125 we have explained fully the application of the 
method for this case also, when these moments are known, and 
in Chaps. VIII. to XIV. inclusive we have given practical con- 
structions for the determination of these moments for all the 
important classes of structures in which this condition occurs, 
such as the continuous girder, braced arches, ete. 

When the structure is not framed, or composed of pieces the 
strains in which can be definitely determined, we have the 
method of moments of Chap. V., which, as we have seen, may 
be extended so as to completely solve the difficult case of the 


continuous girder, and which may, of course, be applied to 
framed structures also, as illustrated in Fig. 111 (Art. 187) in — 


the case just discussed. Thus we have ¢wo distinct graphical 
methods by which our results may be checked. The first 
method includes a great variety of the most important and 
usual structures, such as bridge girders, roof trusses, cranes, 
etc., and in view of its ease and accuracy will undoubtedly be 
found of great service by the engineer and architect. The 
second method has important mechanical applications, as no- 
ticed in Art. 41; and aside from these, and its application to 
structures having end moments, such as the continuons girder, 
etc., furnishes us with ready determinations of the centre of 
gravity of areas (Chap. III.), the moment of inertia of areas 
(Chap. VL.), and also gives us a very complete solution of the 
stone arch (Ohap. XV.). 

We have also the analogous methods of calculation, viz., 


_—s . . eee, 
- 


+ 
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both by resolution of forces and by moments (Arts. 9 and 16 
of Appendix). The latter being so general and simple-in its 
application, we have not felt justified in leaving it entirely out 
of sight, and in those cases where it seemed of especial service, 
or assisted the graphical solution, we have illustrated it more or 
less fully (Chap. XII.). In this latter chap. we have also given 
constructions as well as formule, and developed principles 
which, it is believed, render possible, for the first time, the com- 
plete and accurate solution of the important case of the “draw 
span.” (Arts, 118-121.) 

The formule of Chap. XIII. in connection with the method 
of calculation by moments, render the calculation of the con- 
tinuous girder generally as simple, and but little more tedious 
than for the simple girder itself. Whatever may be thought 
of the advantages or disadvantages of this class of structures 
by engineers generally, it is at least time that such structures 
as draws or piwot spans should be calculated under suppositions 
which approach somewhat more nearly the actual case than is 
at present the practice. As to the relative economy of con- 
tinuous girders, we have endeavored to enforce the fact that 
the saving over the simple girder is from 15 to 20 and even 50 
per cent. We give in the Appendix a tabular comparison of a 
few cases sufficient to show the point beyond dispute, and any 
one may easily add to the list, or verify the calculations. 

The “graphical arithmetic,” as it might be called, such as 
graphical addition, subtraction, multiplication, division, extrac- 
tion of roots, determination and transformation of areas, etc., 
we have entirely omitted in the present work, judging it of but 
little practical value, except in rare cases, when we have ex- 
plained the necessary constructions as they occur, and mnneces- 
sary for the development of the graphical method proper. [See 
Chap. IV. of Introduction.] 
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APPENDIX. 


NOTE TO CHAPTER VIII. OF THE INTRODUCTION—UPON THE 
MODERN GEOMETRY.* 


‘Tr is to be regretted that, notwithstanding its beauty of form, 
simplicity, and many happy applications in the technical and 
natural sciences, the Modern Geometry is yet hardly known, 
scarcely by name even, in our schools and colleges. 

The work of Gillespie upon Land Surveying, already cited in 
the Introduction, and a treatise on Elementary Geometry by 
William Chauvenet (Phil., 1871), are the only ones which 
occur to us in this connection. 

It has already been stated that the modern or pure geometry 
of space differs essentially from the ancient, and from analytical 
geometry, in that it makes no use of the idea of measure or of 
metrical relations. We find in it no mention of the bisection 
of lines, of right angles and perpendiculars, of areas, ete., any 
more than of trigonometrical quantities, or of the analytical 
equations of lines. We have nothing to do with right-angled, 
equilateral, or equiangular triangles, with the rectangle, regular 
polygon, or circle, except in a supplementary manner. So also 
for the centre, axes, and foci of the so-called curves of the second 
order, or the conic sections. 

On the contrary, we obtain much more “general and compre- 
hensive properties of these curves than those to which most 
text-books upon analytical geometry are limited. 

A new path is thus opened to the conic sections, without the 
aid of the circular cone, after the manner of the ancients, or of 
the equations of analytical geometry. 

As a direct consequence, the principles and problems of the 
modern geometry are of great generality and comprehensive- 


* The following remarks and illustrations are taken from the Geometrie der 
Lage, by Reye. Hannover, 1866. 


346 NOTE TO OHAP. VII. OF THE INTRODUCTION. [APPENDIX. 


ness. Thus the most important of those properties of the conic 
Sections which are proved in text-books of analytical geometry 
are but special cases of its principles. A few particular ex- 
amples taken from the Geometrie der Lage, by Reye, which 
could not well have been inserted in the Introduction to this 
work, will best explain and illustrate our general remarks—the 
more so as these examples are of special interest and value to 
the engineer. 
It is a problem of frequent occurrence in surveying to pass a 
line through the inaccessible and invisible point of intersection 
of two given lines. The Geometry of Measure, or ancient 
geometry, gives us any required number of points upon this line 
by the aid of the principle, that the distances cut off from par- 
allel lines by any three lines meeting in a common point are 
proportional. The Geometry of Position furnishes us with 
simpler solution. Me 


Fia, 1, 


Thus the two lines a, d being given [Fig. 1.], we have sim- 
ply to choose any point we please, as P. From this point draw 
any number of lines desired, in any direction intersecting the 
given lines. Now, in any quadrilateral which any two of these 
lines form with the two given lines a and 6, we have simply to 
draw the diagonals. The intersections of all these diagonals 
lie in the same straight line passing through the intersection A 
of the two given lines, and therefore determine the line re- 
quired. Observe that the construction is entirely independent 
of all metrical relations, and depends solely upon the relative 
position of the two given lines. 

Again: If we take upon any straight line three points, A, B 
and C [Fig. 2.], and construct any quadrilateral, two opposite 
sides of which pass through A, one diagonal through B, and the 
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other two opposite sides through C, then will the other diagonal 
intersect the line in a point D, which for the same three points, 


Fra. 2. 


A 
A, B and O, is always the same for every possible construction. 
Moreover, these four points, A, B,C and D, are always harmonic 
points, so that D is harmonically separated from B by the 
points Aand C. Thus, AB:BC::AD:CD. This construc- 
tion may also be applied in surveying, as in passing around an 
obstruction, as a wood, etc., into the same line again. 
Again: We may notice the following principle concerning 
the triangle [Fig. 3]: 


Fie. 3. 


If two triangles, ABC and A, B, C,, are so situated that the 
lines joining corresponding angles, as A A,,B B,, C C,, meet in 
a common point S, then will the intersections of corresponding 
sides, as AC and A,C,,A Band A, B,, BC and B, C,, meet in a 
common line, as wu. The inverse also, of course, holds good: 
that if the sides intersect on a line, the lines through the angles 
intersect in a point. 

Another series of principles are connected with the curves of 
the second order, or conic sections. From analytical geometry, 
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as is well known, a curve of the second order is completely de- 
termined by five points or five tangents. But the length of the 
calculation or construction of a curve thus determined is also 
well known. The geometry of position, however, proves two 
very important principles, which render it easy to construct to 
the five given points or tangents any number of new points or 
tangents, and thus quickly draw the curve itself. The reader 
already acquainted with these principles will also probably re- 
member how much auxiliary demonstration their proof in the 
analytical geometry requires. The first of these, due to Pascal, 
is, that the three pairs of opposite sides of a hexagon inscribed 
within a conic section intersect upon a straight line. The 
second, due to Brianchon, is, that the three principal diagonals 
of the circumscribing hexagon, which unite every pair of oppo- 
site angles, intersect in one and the same point. Both prin- 
ciples are easily deduced from the circle. It will be observed 
that they are independent of the relative dimensions, centre, 
axes, and foci of the curves. For this very reason they are of 
the greatest generality and significance, so that an entire theory 
of the conic sections can be based upon them. Thus Pascal’s 
principle solves the important problem of tangent construction 
from a given point, even when the curve is given by five points 
only, without completely constructing it. 

This problem of tangent construction to curves of the second 
order can in many cases be solved by the aid of a principle 
which expresses one of the most important properties of the 
conic sections, but which, nevertheless, is seldom found in text- 
books upon analytical geometry, because its analytical proof is 
somewhat complicated, and little suited to set forth the property 

in its proper light. 

' For example: If through a point A [Fig. 4] in the plane of 
but not lying upon a curve of the second order, we draw se- 
cants, every two secants determine four points, as K, L, M, N, 
upon the curve. Any two lines joining these four points, as 
LM and KN or KM and LN, intersect in a point ofa 
straight line a a, which is the polar of the given point A; that 
is, which intersects the curve in the two points of tangency 
GG. Thus the lines through A and the intersections of aa 
with the curve are the tangents to the curve through A. If 

‘the point A were within the curve, this line @ @ would not in- 


tersect it. This construction can be used in order to draw 
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through a given point tangents to a conic section by the sim- 
ple application of straight lines. Upon every secant through 


Fie. 4. 


A, moreover, there are four remarkable points, viz.: the point 
A itself, the first intersection B with the curve, the intersection 
with the polar, and, finally, the second intersection D with 
the curve. These four points are harmonic points, and the 
polar aa contains, then, every point which is harmonically 
separated from A by the two curve points. The important, 
principles relating to the centre and conjugate diameter of 
conic sections are merely special cases of the above important 
principles. These last can be easily extended to surfaces of 
_ the second order, as the intersection of these by a plane is, in 
general, a curve of the second order. ; 
From these few examples, which might be indefinitely multi- 

plied, it may easily be seen how very different, but not less im- 
portant than those of analytical geometry, are the theorems of the 
geometry of position. Thus the latter are generally proved by 
aid of the angle which the tangents make with the line through 
_ the focus, or by the distances cut off from the axes—that is, by 
metrical relations. We refer, of course, to the elements of 
- analytical geometry as contained in most text-books, and not to 
those most fruitful and later methods whose existence are 
chiefly due to the sagacity of Pliicker (Introduction, VIII). 
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NOTE TO CHAPTER I. 


1. The method by the resolution of forces developed in 
Chapter I. is so simple and easy of application, and its principles 


are so few and self-evident, that we have not considered it ad- | 


visable to tax the patience of the reader by any great variety 
of practical applications. A large number of such applica- 
tions are to be found in a most excellent little treatise by 
Robert H. Bow, entitled The Economics of Construction im 
Relation to Framed Structures. There are, however, a few 
important practical points of detail, and a few general consid- 
‘erations, which we think it well to notice here, and to which, 
in illustration of the remarks in Chap. I., the reader will do 
well to attend. 

2. In PL. 1, Fig. I. (Appendix), we have represented the 
“Bent Crane” given by Stoney in his Theory of Straimes, p. 
121, Art. 200. 

We assume the following method of notation. Let all that 
space above the Fig. be indicated by X, and all that space 


below by ¥, and the triangular spaces enclosed by the flanges _ 


- and diagonals by the numbers 1, 2, 3, 4, etc. The first upper 
flange is then denoted by X 2, the second by X 4, and so on. 
So also the first lower flange is ¥ 1, the next ¥ 3, ete. The 
first diagonal is then X 1, the next 1 2, the next 2 3, ete.* 

The flanges are equidistant, forming quadrants of two cir- 
cles whose radii are respectively 20 and 24 feet. The inner 
flange is divided into four equal bays, on which stand isosceles 
triangles, and a weight of 10 tons is suspended from the peak. 
The scale for this and all the Figs. of Pl. I. is 20 tons to an inch 
and 10 feet to an inch. Laying off, then, the weight X ¥ = 10 
tons, we form, according to the method of Chapter L., the strain 
diagram. It will be seen at once that all the lower flanges, ¥ 1, 
Y 3, etc., radiate from Y, all the upper flanges, X 2, X 4, etc., 
from X, and everywhere the letters in the one diagram indi- 
cate the corresponding pieces in the other. 


* For this very elegant method of notation, we are indebted ‘to the work of 
R. H. Bow, above alluded to. 
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We can now at once take off the strains to scale in the vari 
ous pieces. 

A comparison of our method with that given by Stoney for 
the same case will be instructive, as illustrating the compara- 
tive merits of the two. ; 

$3. Character of the Strains in the Pieces.—One of the 
most important points of our method is the ease and certainty 
with which the character of the strains in the pieces may be 
determined. We have only, as detailed at length in Chapter 1, 
to follow round any closed polygon in the direction of the 
forces, and then refer back to that apex of the frame where for 
the moment we may happen to be. 

Thus for the peak, since we know that the weight acts down, 
we follow down from X to Y, and then from Y to 1, and 1 
back to X. Referring back now to the frame, and remember 
ing that a force acting away from the apex means tension, and 
towards, compression, we have at once ¥Y 1 compression and 
X 1 tension. ; 

Now for apex a, since X 1 is tension, with respect to thés new 
apex, it must act away. We go round then from X tol, 1 to 
2, and 2 back to X, and then, referring these directions to the 
corresponding pieces meeting at a, we have 1 2 compression 
and X 2 tension. 

We find thus all the outer flanges in tension, as evidently 
should by simple inspection be the case. Also all the inner 
flanges compression. As for the diagonals, they alternate, the 
first being tension, the next compression, until we arrive at 45, 
which we find to be a/so compression. 

A glance at the strain diagram shows how this comes about. 

The line X 4 crosses ¥ 5, and thus gives us a reverse direction 
for 45. 
- Insuch a simple structure as the present, the character of the 
strains would present no especial difficulty in any case; but in 
more complicated ones, the aid of such a simple and sure crite- 
rion as the above is indispensable, and we have been thus even 
prolix upon this point, the more so as it is not so much as 
alluded to, as far as we are aware, in those few works which 
notice the above method at all. 

4, There are other points which we may here illustrate by 
our Fig. . 

According to our first principle (Art. 3, Chapter I.), when 
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any number of forces are in equilibrium, the force polygon is 
closed. Inversely, then,a closed force polygon indicates forces 
which, if applied at a common point, would hold each other in 
equilibrium. 

, Thus ¥ 3, 34, X4, and the weight are, or would be, if all 
applied at a common point, in equilibrium. This we see 
directly from the Fig. Thus we know that when any num- 
ber of forces are in equilibrium, the algebraic sums of their 
vertical and horizontal components must be zero, otherwise 
there must, of course, be motion. Now the vertical component 
of Y 3 plus that of 34 minus that of X4 is exactly equal and 
opposed to the weight, while the horizontal component of ¥ 3 
plus that of 34 is equal and opposed to that of X 4, and there 
is then equilibrium. 

Again, according to the principle of Art. 5, Chap. L, any 
line, as the one joining 2 and 6 (broken line in Fig.), is the 
resultant of X 2 and X 6, as also of 23, 34, 45 and 56. 

The Fig. also well illustrates the points to be avoided in 
making a strain diagram, already alluded to in Art. 13, Chap. 
I. The scale to which the frame is taken is here altogether 
out of proportion to the scale of force. The first should be 
inereased or the second diminished, or both. The present 
length of the diagonals and flanges is inadequate to give 
with sufficient accuracy the directions of strain lines of such 
length. 

Nevertheless we have experienced no difficulty in checking 
to ges of a ton the results given by Stoney for this structure. 

. In Pl. 1, Fig. IL, we have represented a roof truss, span 
30 on rise 8 ft, saber 1 ft,; and the strain diagram illustrates 
in its two symmetrical halves (one full, the other dotted) the 
remarks of Art. 13, Chap. I., upon the check which in such cases 
our method furnishes of its accuracy. 

We lay off the weights 1, 2, 3, 4, 5, and then the reactions at 
A and B, which should bring us back to the point of beginning, 
and thus complete the force polygon. The strains are then easily 
found, and the two halves should be perfectly symmetrical, and 
give the same results. 

In Fig. III. we have given another form of truss with strain 
diagram, the other half of which the reader can complete and 
letter for himself. 

6. In Fig. IV. we have a form called the French roof truss 
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and two strain diagrams—the larger for vertical reactions, the 
smaller for ¢nclined reactions. bs 

This last brings out the force polygon in perhaps a clearer 
shape than before. The weights 1 to 7 being laid off down- 
wards, the two reactions must always bring us back to the 
starting-point, and thus close the polygon—in this case a trian- 
gle, in the preceding case a straight line, and in the case of Fig 
6, Art. 10., Chap. L,a true polygon. Both strain diagrams 
illustrate the check we have upon the accuracy of the work. 
The second half should be perfectly symmetrical with the first, 
and the lines ¥ & and points & in each should coincide. 

We have here also to notice a point which in roof trusses is 
of frequent occurrence, and may, if not noticed, cause diffi- 
culty. 

We have already observed in Art. 9, Chap. I., that we can 
always find the strains in the pieces which meet at an apex, 
provided only ¢wo are unknown. Now in the strain diagram 
to Fig. IV., we readily determine the strains in Xa, ¥ a, XO, 
ab, ¥ ¢ and be successively, and arrive finally at apex 2, where 
we have the two known strains in X 6 and de, and wish to find 
the strains in three pieces, viz., Xd,Zhandch. At first sight 
this seems impossible. If, however, we assume that the pieces ° 
of the frame can take only strains of a certain kind, as, for 
instance, 4d only tension, and not compression, the problem is 
perfectly determinate. This assumption is easily realized in 
practice. Thus if 4d is a rod of small diameter, it cannot 
act as a compression member at all. Moreover, the strain 
of tension in 4d must evidently be precisely equal to that in 
bc, already found. We have then to form a closed polygon 
with the weight at 2 and the known strains in X } and 6c, whose 
other three sides shall be parallel to Xd, hd and ch respec- 
tively, and in which, moreover, the strain in 4d shall be equal 
to that in dc, and where both these strains must be, when the 
polygon is followed round according to rule, tensile. We have 
evidently, then, in accordance with these conditions, only the 
polygon 2XdhcbxX, thus finding the point d, from which 
we can now proceed to find ¢, etc. The points a, 6,d and e are 
evidently in the same straight line parallel toch. This point 
is one of importance, and the reader should carefully follow 
the above remarks with the aid of the Fig. 


The strain diagram thus constructed shows us many facts 
23 
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about the system not otherwise apparent. Thus bc, ch and hd 
are in equilibrium with the load at 2. Again, ab and be are 
in equilibriunf with ¥ @ minus ¥ ¢, as also are Ad and de with 
ke minus kh, Also hh, ho, Yeand ¥£ are in equilibrium, 
and ¥¢, ¢b and Xd are in equilibrium with the reaction minus 
the weight at 1, or with the shear to the right of 1. This last 
principle is general. When a section can be made entirely 
through a structure, the strains in the pieces cut are in equi- 
librium with the shear at the section. If only three pieces are 
cut, then, by taking as a centre of moments the point of inter- 
section of any two,.we can easily find, knowing the moment of 
the shear, the strain in the third. 

Thus we have the general and easy method of calculation 
given in Art. 14, Chap. I. The moment of the shear is, of 
course, the sum of the moments of all the exterior forces be- 
tween the section and one end. 

We have then two methods, one graphic and one by caleula- 
tion, by which we can find the strains in every kind of simple 
truss which can ever occur in practice, By “‘ simple” we mean 
merely resting at the supports, or not acted upon at the ends by 
a couple or moment, as is the case, for instance, in the continuous 
girder. 

When the structure is unsymmetrical, or complex, the deter- 
mination of the different lever arms is often very tedious, involve 
ing a good deal of trigonometrical computation. On the other 
hand, the frame can always from its: known proportions be 
easily and accurately drawn to scale, and then the exterior 
forces, whatever their relative intensity or directions, can be 
laid off, and the strains at once determined. Here we see, then, 
one of the great advantages of our graphical method. An 
unsymmetrical frame and different directions of the forces 
requires no more time or labor than a more simple case. 

7. Application to Bridges—Bow-string Girder,—In Art. 
12, Chap. I., we have alluded to this application, and shown 
how by two strain diagrams only we can completely calculate a 
bridge of any length. As this application is so important, and 
as the method is stated by several authors to be inapplicable to 
bridges,* or, at best, to be unsatisfactory, we will here call more 


* Iron Bridges and Roofs—Unwin—p. 148. economics of Construction— , 


Bow- ~-p. 61, 


to Sa 
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special attention to the points to be observed in the tabulation 
of the strains. There is, indeed, no more satisfactory, complete 
and rapid method for the solution of bridge girders generally 
than that afforded by the graphic method. 

As an example, let us take the Bow-string Girder given by 
Stoney, p. 131. Span, 80 ft., divided into 8 panels; rise of 
bow, 10 ft. Load, 10 tons at each lower apex. 

We construct the two strain diagrams* given in Fig. V., 
Pl. 2, viz., one for the load P, at the first apex, and one for the 
load at the last apex, P,. Referring, if necessary, to Art. 12, 
Chap. I., the reader can easily follow out these diagrams. We 
then scale off the strains, and obtain, for the strains in the 
diagonals— 


ah be cd de ef tg gh 
P, —2.7 |—114 | +48 — 4,3 + 2.4 | — 2.3 +14 
P, —04 } + 0.23 | —0.56 |+051 | —0.9|/+ 0.88 | —1.4 


Now from the strains thus obtained for these two weights 
we can easily obtain all the others. 

Thus, as the end reactions are inversely as the distances of 
the weight from the ends, the reaction at the left end due to 
P, will be twice that due to P,. For P, three times that due 
to P,. The strains will therefore be twice and three times 
those due to P,, until we arrwe at the weights P, and P, re- 
spectively. So also for P, the reaction at the right is twice 
that due to P,, and the strains are therefore double wp fo the 
weight P,. To the right, then, of P, the strains are twice 
those due to P,, and to the deft of P, they are six times those 
due to P;, Take, for instance, P;. The right reaction is 3ths 
of the apex load, and the right reaction of P, is 4th of that 
load. For P,, then, the strains in all pieces to the right of that 
weight are 3 times those due to P;, Again, the left reaction 
is for P; §ths the apex load. But the left reaction for P, 
is 4th the same load. The strains then in all the pieces to the 
left of P; are 5 times those due to P;. So for any other load. 
We can therefore form at once the following table: 


* Strain diagrams in Fig. V., and also in Fig. VL, are, for obvious reasons, 
drawn to different scales, 
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Max.| Max. 
Py} Re, | Pes | Ped Be fee | Py [ee Comp,| Tens. anne 
ad || —0,4 | — 0.8) — 1.2) — 1.6] — 2.0 — 2.8|-9,7 | — 8.25 — 11.0 | — 19.25] 


be ||+0,23] +0.5| +0.7) +.0.9| +11) +1.4|-11.4| —49 | +48] —114 | 168 


ed) —0,56| — 1.1) —1.7| — 22.- 28-3,4/4+4,8| —5.2 | +48] — 11.8 | — 17.0 


de || +-0,51| + 1.0, + 1.5) + 2.0] + 2.6 —8,6/—4.3 | — 3.97 | + 7.6] — 12.9 | — 16.9 


Bracing. 


—— eee —— 


ef || -0,9| — 1.8! — 2.7] — 3.6/—-4,5 +4.714+2,.4| —48 | +71] —18.5.] —188 
So ||+0.88) + 1.8) + 2.6 +3.5|-6,9 —46/-2,3| —6.75 | 48.8! — 13.8 | — 20.5 
gh\|| —1.4 — 2.8) — 4.2)— 6 +49) +2941, —42 |+8.4|—140 | — 182° 


In the columns for P, and P, we put the strains already 
found by diagram. The strains for P, on the entire left half 
will be double those for P,; for P; three times, and for P, four 


times those for P,, We have therefore at once the columns © 


for P,, P,, P; and P,. Now for P; we see from the Fig. that 
the strains in diagonals ef and fg must both be tension. 
From the left end, then, as far as ef, the strains are 5 times 
those due to P,, and from the right, as far as fg, 3 times those 
due to P,. We thus obtain the column for P;. In the same 
way for P,, all above or to left of cd are 6 times P,, all below 
or to right of de twice P,. Thus we fill out the whole table. 
Adding now all the tensions and compressions in each piece, we 
obtain the maximum strains of each kind due to the live load, 
as given in the last two columns but one. Suppose now the 
dead load or weight of the girder itself to be #ths of the roll- 
ing or live load. We have only to take, then, $ths the sum of 
these last two columns and we have the strains due to uniform 
or dead load, as given in the fourth column from the right. 
We can now easily obtain the total strains. Thus the ten- 
sion in ab due to the live load only is 11 tons. The tension 
due to the dead load is 8,25 tons. Total greatest strain which 
can ever come upon @, then, is 19.25 tons tension. No com- 
pression can ever come on this piece; it does not need, there- 
fore, to be counterbraced. On the other hand, all the other 


diagonals, except perhaps cd, must be counterbraced, as the’ 


maximum compression due to the live load overbalances the 
constant tension of the dead. Had the dead load been taken 
much greater than the live, the diagonals might always have 
been in tension. Hence the appropriateness of this class of 


girder for long spans. 
° 


i 
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We see also from the table just what weights, and where 
placed, give the greatest strain of each kind in any piece. 

8. Strains in the Flanges.—The method is precisely simi- 
lar for the flanges. Thus we scale off from our diagrams— 


xa xb Xd xf xh 
P, + 2.82 + 3.08 + 3.47 + 4.11 + 5.11 
P, + 19.7 + 21.6 + 10.4 —+6.8 + 5.1 
Ya Ye Ye Yg 
P, — 2,42 — 3.01 — 3.62 — 4,46 
P, — 17.6 — 13.1 — 7.9 — 5.7 


Tabulating these, we obtain the following table: 


Uniform | uniform 

P, | Fa | Ps | Pel Ps P, P, | live | dead ‘strains 

Xa +2,82| + 5.6] +85 411.3) + 141 | + 16.9 |+19,7| + 78.9 oa | + 188 
Xd||-+3,08| + 6.2| + 9.2| 412 3| + 15.4 |+18,5| +21.6| + 86.3 | + 64.7 | + 151 
Xal|+3.47| + 6.9+10.4)+13.9) + 17.8 |+20.8| +10.4| + 822 | + 02.4 | + 145.6 
Xs|| +4.11 | + 8.2/4 12.3|+16.4|+20,5| + 13.7 | +6,8 | + 82.0 | + 61.5 | + 143.5 
i ‘Xal| 45.11 |-+ 10.2|4 15.3|+20.4| 415.3 | + 10.2 | +5.1 | + 81.6 | +612 | 41428 
» \¥a||-2,42|—5.0| —7.6| -10.1] - 12.6 | - 15.1 | -17,6 | — 70.5 | — 52.8 | — 123.8 
¥ c|/—3,01 |—6.0| — 9.0) -12.0) — 15.0 | -18,1| -13.1| — 76.2 | —o7.1 | — 123.3] 
¥ ¢ ||-3.62|—7.2|—10.9] -14.5| -18,1 | -15.9] -7.9 | —78.1 | —58.5 — 136.6| 
¥g|\—4,46| -8.9| —13.4|-17.8] -17.1] —11.4 | -5.7 | - 788 | —59.1 — 181.9) 


This table is obtained precisely as before. Thus for P, the 
strains in Xa@ and XO are multiples of P,, while those in the 
other flanges are multiples of P;,. So also for Yeand Ye. We 
see at once that the greatest strains are for full load, since for 
all loads the upper flanges are always compressed and the 
lower extended.* The above is sufficient to illustrate fully the 
application of our method to bridges. It is evidently appli- 


* A more convenient form of tabulation is to put the weights in the left 
vertical column and the pieces in the top horizontal line, The numbers can 
then be more easily added. 
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cable to any structure where the reactions are inversely as the 
distances from the end. The strains due to the first and last 
weights are all that we need in order to thoroughly solve any 
case of the kind. It is advisable, however, to construct a 
third diagram for an intermediate weight, in order to serve as 
a check upon the others.* 

9. Method of Calculation by Moments.—We may illus- 
trate here the method of calculation by moments referred to in 
Art. 14, Chap. [., a little more fully. Thus in the example 
above, Fig. V., suppose we wish the strains due to P,. Reac- 
tion at left end is evidently 4th of 10 tons = 1.25 tons. Con- 
ceive the lower flange ¥ @ cut. Rotation would evidently take 
place about apex a, and we have, therefore, strain in Yq@ x its 
lever arm from apex @= 1.25 x 5. The depth of truss, or 
lever arm of Ya, from apex a, is 2.58 feet. Hence we have 


a = strain in ¥ a = 2.42 tons. | 

This strain is evidently, by reason of the direction in which 
the two portions of the truss would rotate about a, tension. In 
like manner, for upper flange X 4, if we know the lever arm of 
this flange from the opposite apex, we can easily find the strain; 
for the diagram shows that X 6, dc and ¥ ¢ are in equilibrium 
with the reaction, and hence, if we take the point of moments 
at the intersection of the two pieces }c¢ and ¥ ¢, the moments 
of these pieces are zero, and we have remaining only the mo- 
ment of the strain in X 6 balanced by the moment of the reac- . 
tion. 

Again, if X 6 and Ycare thus found, and if these two strains, 
together with the reaction, are in equilibrium with the diago- 
nal dc, we can find the strain in this diagonal by taking the 
apex d as a centre of moments. The moment of ¥c then is 


*It may also be well to notice here that the practice of deducing in the 
tabulation the dead load from the live load strains is not strictly accurate, as 
the live load acts at the lower apices only [or at the upper apices only, if the 
bridge is under grade], while the dead load is distributed along both flanges, 
and acts at both upper and lower apices. 

In every case, however, the greater portion of the dead load, say, for in- 
stance, 2ds of the whole, owing to the track, platform, cross-girders, etc., 
acts at the same apices as the live load itself; and the error is in any case 
very slight, and practically of no account. 
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zero, and we have the moment of the strain in dc balanced 
by the moment of the reaction and the moment of XO; the 
first causing compression, the second tension, and the difference 
then giving the resultant moment strain, which, divided by the 
lever arm of bc, gives the strain itself. 

The method is easy of application, but, as we have already 
remarked, the determination of the lever arms for each case is 
frequently tedious. These may, however, be scaled off from 
the frame diagram with sufficient accuracy in practice. 

As before, we need only the strains due to the first and last 
weight, and can then form our tabulation as above. This 
tabulation we can also check by finding the strains due to uni- 
form load independently, and seeing whether it agrees with 
the sum of the separate apex weight strains. 

Thus, for a2 the weights acting, suppose we wish the strain 
in Yg. The lever arm of ¥ g is 9.85 feet. We have then re- 
action = 35 tons, multiplied by 35 feet = 1225. This must be 
diminished by P; x 25 = 250, P, x 15 = 150, and P; x 5= 
50. We have then 1225 — 450 = 775, which, divided by 9.85, 
gives 78.7 tons tension in Y g, agreeing with our tabulation 
above. 

For the method of calculation by resolution of forces, see 
Art. 16 of this Appendix. 

10. Girder with Straight Flanges.—In such a case, as the 
lever arms are at once known and are constant, the above 
method is of very easy application. In this case the strains in 
the diagonals are best found by multiplying the shear by the 
secant of the inclination of the diagonal with the vertical.* 
Thus, if this angle is 45°, we have simply to multiply the sheaf 
at. any point by 1.4142, and we have at once the strain in the 


* This is but a particular result of the general method of moments. Thus, 
for any diagonal, as 7) (Fig. VII.), according to our rule, we take the centre of 
moments at the intersection of the two other. sides cut by a section through 
the truss, viz., the flanges. But these two sides are here parallel, hence their 
intersection is at an infinite distance. The lever arm of ad is then ™ x cos ¢, 
¢ being the angle with the vertical. If the weight P, acts, we have then, 
calling the reaction R, R x © —Pa=Scos¢ x , where § is the strain in 
Saadbiaaeadl 


cos ¢ X @° But 


ab, Thiscan be put (R — P)w=S cos ¢ x m, hence § = 
ere oe Pa 

cos¢ xX @ cos¢ 
multiply the shear by the secant. 


R — P is the shear at 5, = sec ¢; hence we have only to 
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diagonal at this point. The shear is always in such cases the 
reaction at the end minus the weights between that end and 
the apex in question. 

The flanges are easily obtained by moments, as above. 

The following points need attention, however. First, if 
there are two or more systems of diagonals, as represented in 
Pl. 2, Fig. VIL, by the full and dotted diagonals (omitting the 
upright lines), we must find the strains for each system sepa- 
rately, and then add them together. Thus, if the strains found 
in ae and ce, etc., for one system, are 50 and 60 tons, and. 
those in df and fg, for the other, are 40 and 70 tons, we have, 
when the two systems are combined, de = ac+a@f=50 + 40 
=90, cef=dft+ce=40+60=100, fe=cetfg= 
60 + 70 = 180, andsoon. This holds true, of course, whether 
the strains are obtained by calculation or diagram. Thus, for 
a lattice girder, we calculate or diagram each system by itself, 
and then the strain in any flange, when the two are combined, 
is equal to the sum of the strains on that flange-due to each 
system of triangulation which includes it. | 

There is another point to be observed in connection with 
the system known as the Howe or Pratt Truss. Inserting the 
dotted verticals into our Fig., we have this system of square pan- 
elling. Let us suppose that the diagonals take tension only, 
and the verticals compression only. 

Now for a weight at apex 9 of 10 tons, we have a right re- 
action of 1 ton, which, running through the system, causes strain — 
in the diagonal of f P,. For the flange D, then, our point of mo- 
ments is at, and if the height of truss is equal to panel length, 
1 x 50 

10 


P,. In the same way for P,;, we have for D 10 tons; for P,, 15 
tons; for P,, 20 tons; for P,;, 25 tons. For P,, on the other 
hand, we have a left reaction of 4 tons, which causes strain in 
diagonal ¢#, and for this weight and all succeeding weights 
our point of moments for Dis then ate. We have then Py 


== = 24 tons; for P,, 18 tons; for P,, 12 tons; and for 


P,, 6 tons. 
For all these weights, then, acting together, we have 185 tons 
strain in D. 


viz., 10 feet, we have the strain in D = = 5 tons, for 


Pe ae 
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But for all the weights acting together, it is evident that 
only all the braces sloping each way from the centre are 
strained. Hence ¢& is noé strained, and our point of moments 
is for D always at f- Thus for total load we have strain in 


45 x 50—10 x 40 — 10 x 830 —10 x 20—10 x 10 


D= - = 125 tons, 


whereas we found by addition of the several weights 135 tons. 

There is thus an ambiguity in this class of bracing as to the 
way in which the strains may go. Two symmetrical weights, 
as 9 and 1, may either go left and right directly to the abut- 
ments or a portion of each go towards the centre. The inter- 
mediate diagonals may be either all strained or not strained at 
all. The strains may go partly in one way or partly in the 
other. We should then not rely on our summation of the sepa- 
rate weights, but always check them by calculation or diagram 
for the total load also, and take the greatest strain. Practi- 
cally, for long spans, it is very rare that the difference is of any - 
importance. 

In diagraming by our method such a system of bracing as 
the above, we should consider but one series of braces, viz., 
those strained by the uniform load alone. Thus, for our Fig. 
and loads on the lower apices, we should take anh the diago- 
nals parallel to fA on the left of centre, and JP, on the right. 
If, on the other hand, the verticals are ties and the diagonals 
struts, we should retain only those parallel to ¢% on tlie left, 
and those parallel to £e on the right of centre. The others 
are to be omitted. Then, the tabulation being formed, if in 
any diagonal a strain may occur of reverse character to that 
which it is intended to resist, a cownterbrace must be inserted 
in this panel to take this reverse strain. 

As in our examples we have taken always a triangular system 
of bracing, it is important that the reader clearly understand 
the method to be pursued in other forms. For the rectangular 
system of bracing generally, the point where for uniform load 
the shear is zero is the point from which the braces must slope 
both ways. The other diagonals, or the cownterbraces, are then 
omitted in both calculation and diagram, and replaced from the 
tabulation when necessary to replace a strain of the reverse 
character to that which the braces are intended to sustain. 

Attention to the above points will enable us to both calctlate 
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and diagram with ease and accuracy any form of truss which 
occurs in engineering practice. . 

11. In the bow-string girder represented ir Fig. V.it is 
evident that the bottom flange serves merely to resist the thrust 
of the bow and keep it from spreading. It adds nothing to the ‘ e 
supporting power of the combination. We might remove it 
entirely and replace it by abutments which would equally well __ 
sustain this thrust, and if we then introduced a horizontal flange __ 
at crown, and inserted diagonals between for stiffness, we should = 
have the form of braced arch given in Chap. 1, Fig.5 (@. Tf, 
however, we should resist the thrust of the bow by an inverted — 
are, it would answer the same purpose as the bottom flange, 
and we should, in addition, dowble the supporting power. 

We have illustrated this in Fig. VI. pts 

The span is the same as before. The lower apices only are 
supposed to be loaded, for comparison. [Properly, we should 
have distributed the ised over both upper and lower apices. ] a 
' The rise of each are is one-half as great as before, or 5 ft.only, 
thus making the total depth the same as in the preceding Bs: 
case. 
By means of two strain diagrams, we find the strains due to — 
P, and P,. Thus: 


xa|xo|xa|xp|xnr| vo | vo lve |¥g | 


P, | 4+2.3| +2.6| +3.2| +3.7/ +5.0] —2.25 | —2.87 |—3.48] 4.82 
P, |+16.1/+17.8| +9.1| +5.7| +45] —15.75] —12.35| —7. 3] 4.8 


Then, precisely as in the preceding Art., we can fill out our 
table of strains. This the reader can now easily do for himself. 
We thus find, for a uniform dead load ths the live srs: the 
total maximum strains below. 


. 


Xa 


Xb xa| xy xn | va Yo | Ye |! ¥g 


+119.7)+120.7 4133.5 / 4127, +194,1}-110.1 —126 .'7|—129.3)—125.6 — 


| 
Comparing these with the corresponding strains for the bow- 


SN eee. 
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string, we find that they are very much less in every piece. In 
fact, there is a total gain of over 10 per cent., and that, too, not- 
withstanding that the rise of each arc is only half that in the 
first case. Had we taken a double depth, the saving would 
have been very great, and as in this case also, for a long span 
and relatively large dead load, the diagonals would always be in 
tension, the increased length of these last would be no dis- 
advantage. 

12. The above construction is worthy of the careful consid- 
eration of the bridge builder. It peculiarly recommends itself 
for long spans, and has several important advantages possessed 
by no other form of truss. | For long spans the strains in the 
flanges are nearly uniform. The diagonals are less strained 
than in any other system, and are always in tension. Every 
member acts to support, as well as to strengthen. The height 
is everywhere proportional to the maximum moment of the ex- 
terior forces. Zhe load is distributed along the neutral axis, 
thus securing the maximum of rigidity ; while the newtral axis 
itself passes through the points of support. 

This construction is known in Germany, from the name of its 
inventor, as Paul’s Truss. Upon this system are the double 
track bridge over the Jsar at. Grossheselohe, 2 spans of 170.6 
ft.; a large number of smaller bridges, such as one over the 
Rodach, 109 ft. span; over the Main in Schweinfurt, 116.4 ft. 
span ; aan especially one over the Zthine at Mayence, of 32 
spans, 4 of 345 ft.,6 of 116 ft., 20 of 50 ft., and 2 of 82 ft.; all 
upon the same syste: 

In England, we might notice the famous bilie over the 
Tamar at Saltash, near Plymouth, whose two principal spans 
are 455 ft., which is also constructed upon this system. 
Finally, we may mention the bridge over the be, near 
Hamburg, the three principal spans of which are 325 ft. each. 

In this lattér structure both the upper and lower members 
are braced or ribbed arches, of a constant depth of about 10 ft., 
a combination which, for long spans, seems most excellent. A 
single arch alone, similar, for example, to the steel arch over the 
Mississippi, by Capt. Hads, would have required heavy abut- 
ments, 

The same arch inverted would have required equally heavy 
anchorages. The combination does away with both. The 
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thrust of the upright arch is opposed by the pull of the inverted 
one, all the advantages of Pauli’s system are obtained, and 
there are no temperature strains such as occur in the single 
arch, while the bracing is reduced toa minimum. At the same 
time all the rigidity due to the arch is obtained.* 

13. In the construction of the diagrams, care should be exer- 
cised in the selection of the scales, that the frame diagram may 
be large enough to secure the desired accuracy. Lines should 
be drawn very fine with a hard, sharp-pointed pencil, so as to be 


scarcely discernable, and their intersections accurately marked 


by needle point. ; 
With an accurate scale and good instruments, strains can be 
taken off in nearly every practical case to hundredths of a ton 


*Compare Long and Short Span Railway Bridges, by John A, Roebling, C.B. 


—In this work, Mr. Roebling proposes a system in principle essentially the 
fame as the above, to which he gives the name of ‘‘ Parabolic Truss.” He, 
however, constructs the arch of channel irons bolted to the sides of a straight 
truss, the sole office of which is to give rigidity to the system. Also, claiming 
that iron in the shape of wire will safely sustain three times as much as in the 
shape of bars or rods, he introduces a wire cable in place of the inverted 
braced arch. 

It will thus be seen that for rigidity the system is wholly dependent upon 
extraneous members, such as the auxiliary truss and the tower stays, which are 
liberally introduced. By dividing the material eomposing the upright arch 
into two portions, bracing between them, and thus forming a braced arch sim- 
ilar to Capt. Eads, the stays and stiffening truss might be entirely dispensed 
with, the construction greatly simplified in the number of its members, and 
the bracing reduced to a minimum. If, also, as claimed by Capt. Hads, the 
conditions for cast steel are just the reverse of iron, and itis most advantageous 
to use it in compression, then it seems that such a modification of Mr. Roeb- 
ling’s design with wire cable and a cast-steel braced arch would better sustain 
the thesis with which his work, above quoted, opens, viz. : that ‘‘ the greatest 
economy in bridging is only to be obtained by a judicious application of the Para- 
bolic Truss.” 


Such a combination of the suspension and upright arch would seem to avoid — 


the principal objections urged against each separately. The anchorages and 
abutments are dispensed with, the greatest rigidity is secured with the mini- 
mum of bracing, and the material is used in the most advantageous way. In 
addition to the advantages of Pazli’s system being secured, we have the ease 
of erection of the suspension system combined with the rigidity of the arch. 
The system is self-balancing, and practically wnaffected by changes of temper- 
ature. 

For the practical details of construction of such a system, the reader can 
with profit consult Mr. Roebling’s work, above quoted. They will be found 
to be neither expensive nor difficult of execution. 
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with perfect accuracy. The use of parallel rulers is not to be 
recommended. The T square, triangle and drawing-board are 
far preferable. It should be remembered, finally, that careful 
habits of manipulation, while they give constantly increased 
skill and more accurate results, affect in no degree the rapidity 
and ease with which those results are obtained. 
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NOTE TO CHAPTER I. 


14, The reader will observe that in Chapter I. we had given 
forces acting at certain points of a given frame, and we found 
by simple resolution of forces the strains in the pieces of that 
frame. In Chapter II. we have given forces acting in certain 
directions, and having asswmed the strains, we find the equi- 
librium polygon or frame, which, having its angles on these 
force directions, and having these strains, will hold the given 
_ forces in equilibrium, Thus in Figs. 12 (6) and (c), Pl. ILL, of 
the text, by choosing a pole and drawing lines to the forces in 
the force polygon (a), we virtually assume the strains which 
are to act upon our frame. Then lines parallel to these strains 
in (4), forming a polygon whose angles are upon the forces, 
must give us the frame which holds these forces in equilibrium, 
provided we close the polygon by a line and apply at the ends 
forces which balance each other horizontally, and whose com- 
ponents parallel to the resultant of the forces balance the 
forces. : 

Thus the polygon mabcdenm is a frame along whose 


sides the forces S, 8,, etc., act, and whose reactions at the sup- — 


ports m and ” must then be ao and 5a, as given in (q). 

This frame—keeping the same pole, that is, the same strains 
—we may put anywhere in the plane, its angles being always on 
the forces, and its sides always respectively parallel, though 
varying in length according to the position assumed. 

We might also have assumed different strains, that is, taken 
a different pole, and constructed a different frame; but evi- 
dently the end reactions will not be altered, and will be always 
equal to a 0 and 5 a, as given in (a). 

The peculiarities of the frame thus obtained are, as we see 
further on, that its end sides always intersect upon the result- 
ant of the forces; its depth is always proportional (for paral- 
lel forces) to the moment at any point; its area to the moment 
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of inertia of the forces ; while, finally, in a loaded beam the de- 
Jlection curve itself is but a polygon or frame of this character, 
when the curve of loading follows the law of the moments in 


the beam. 
It is upon this polygon and its properties that the entire 


system of Graphical Statics is based. 


) 
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NOTE TO CHAPTER V., ART. 51. 


15. In Fig. VIII. (Appendix) we have given the construction 
referred to in Art. 51 of the text for a system of loads of given 
intensities. The span 8» 8% is supposed to shift to s, 8, 8 8, etc., 
and a certain cross-section % to shift with it to %,, %, ete. The 
intersections of the respective closing lines with verticals 
through %, %, A, etc., gives us a curve between which and the 
polygon the greatest ordinate gives the maximum moment for 
the assumed cross-section. The place of this ordinate is the 
position of the cross-section from which we determine the ends 
of the span, and thus have its position with reference to the 
loading when the moment in % is the greatest possible. 

Thus if this greatest ordinate is-at the angle VIII. in the Fig., 
the weight P,; must rest upon the cross-section. The distance 
then from P, to the left end of span s, is the distance from & 
to & on left, and to right end of span s, is the distance from 
ky to 8% on right. 

The ends s and s being thus found, perpendiculars through 
them determine the closing line L, and the parallel to this in 
the force polygon gives the end reactions L.0 and 20 L for the ~ 
position of span which makes moment at % a maximum, 
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NOTE TO CHAPTER XIL, ART. 124. 


16- In Arts. 120 and 121 we have given the formule and 
principles necessary for the complete solution of the pivot span. 
We propose here to illustrate more fully their application by a 
simple example. 

Fig. IX. represents such a structure. The two outer spans 
AB=CD=40ft. The central or turn-table span, BC = 
20 ft. Centre height at B and C= 10 ft. End height =6 ft. 
Panel length, 10 ft.; each apex live load, 10 tons, or 1 ton per 
foot. Dead load, ha/fas much. Twosystems of triangulation, 
as shown in the Fig. 

Our proportions are taken for the sake of illustration merely, 
and not as an example of actual practice. All the points to be 
observed are, however, illustrated as well as by a much longer 
span, and more usual proportions. 

It is to be observed that the end verticals are compression 
members only, and cannot take tension. This is necessary to 
prevent ambiguity as to the way in which the strains go. A 
negative reaction might otherwise cause tension in 1 2, and 
compression in F, or tension in 15, compression in 5 6, and 
tension in A, If 15 cannot take fandinn, we have but one 
course for the strains, and the problem is determinate. 

We also, for similar reasons, construct the centre span so 
that the diagonals take tenston only, aiid the verticals compres- 
sion only. These points as to construction being settled, let us 
proceed, first, to determine the reactions. 

1st. Reactions. 

We shall consider the case of the “ Zipper,” or secondary 
central span only [Art. 120], as this case most nearly ap- 
proaches the true state of things. The method of procedure 
for four fixed supports is precisely similar, only taking the for- 
mule for that case from Art. 122. 

The less the span BC, the nearer the case approaches to three 
fixed supports; and when the distance BC is zero, is zero, and 
our formule are the same as for beam over three supports. 

For a load in the left span distant @ from A, these formulz 
are as here [Art. 120]: 
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Rot — (10+ lin+8n)k+(2 +m, 


P 
2H 
R, = R,= sa | O+9n+3nyk— a+ne |, 


Ry = 55 [Orme —@ + aes anya], 


in which k=s, 1=AB=CD, nJ=BC and H=4+48n+38n%. <3 


We have first to put these formule into the most convenient 
shape for use in the particular case under consideration. Thus 


in this case 7= 40, nl = 20; hence n = : and H ae and 

k= a where @ has the successive values of 10, 20, 30, 40 for P,, 
‘ . 1238 + 

P,,P,, P,. #4 is therefore successively PPA and z 


Our equations = reactions are then, after reducing, 


Ry = 3 2 ie —73k + 10% |, 
R= Rs = = ac k—10 a | i 


5 


R, = = 
35 


10% —17 a 


Now, as we may notice*the denominator of % is always 4, of : 
# always 64; the numerator only changing according to the “4 
position of the weight. These equations can then be written 


1 
R,’=+—- 
A 994 


5 h 
ni Re = = 294 hs: I 


9940 — 584a + sa], * 


— 994 


where @ has the values 1, 2, 3. for P,, P., P;, etc. 
These, then, are the practical formule for this case, and from 


: . 
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them we can easily find the reactions for the apex 1Mas-of 10 
tons each. 
Thus, for P, make a=1, and we have 


R, = 7.415, Rz=Ry=1.58, Rp =— 0.585. 


For P, make a = 2, and 
R,= 4964, R,=R,=—3.035, Rp =— 1.035. 


For P,; make a = 3, and 
R, — 2.78; - R, = Ry = 422, Rp= — 1.22. 


For P, make @ = 4, and 
Ryd, R, = Rg = 5, Rp =-—1. 


Loads upon the centre of the span BC acting, that is, at 
apex 10, give no reactions, but are supported directly by the 
turn-table. Hence, for P;; Ry, Rp, Rg and R, are zero. For 
the first load, P, to the right of C, the reactions at A and B are 
the same as for P; at D and C, already found. For the next 
load, P,, the reactions at A and B are the same as for P, at D 
and C, already found. For Py, the same as for P,. For P,, as 
for P,, ete. 

We thus have the reactions at A and B due to every indi- 
vidual apex load, and can now proceed to find the strains. 

Our formule, it will be observed, thus become very simple 
and easy of application for any particular case. 


2d. Fuances—BripGE suvt. 

‘Let us first find the strains in the flanges. We have only to 
apply the method of moments, and pe work is so simple that 
an example or two will suffice. — 

We repeat again the rule. Conceive a section cutting only 
three strained pieces. Take the intersection of two of these as 
the centre of moments for finding the strain in the third. The 
moment of the strain in this last about this point must be equal 
to the algebraic sum of the moments of al/ the forces acting 
between the section and one end. Take P, for example. Its 
upward reaction at A is 7.415. [A negative reaction acts 
dcwn. Thus, for P; above, the reaction at A is, from our for- 
roule, — 1.22. The minus sign indicates that the reaction is 
down, and that, neglecting the dead load, the girder must be 
held down to the support A. If the reader will draw roughly 
the curve of deflection, he will see that this is so.] 
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Conceilf a section through the girder at, say, the centre of 
flange A. It cuts 4 pieces, but, since the weight P, acts only 


through its own system of diagonals, only three are strained. — 


The point of moment for A is then at 6, the intersection of the 
other two strained pieces. The strain, then, in A x by its lever 
arm = 7.415 x 10. The lever arm of A is 6.965; hence 


A x 6.965 = 7.415 x 10, 


or A= + 10.64 tons compression, 


because the upward reaction acting with 6 as a centre of rota- 
tion tends to compress A. 

This strain evidently acts through both A and B, since both 
these flanges are included by the two diagonals of the system 
for P,; henea also, B= + 10.64 tons. 

For flanges C and D, since 78 is the strained diagonal, 8 is 
the centre of moments. The same reaction acts now with the 


lever arm 30 to cause compression, and P, acts with the lever 


arm 20 to cause tension. We have then 


C x 8.955 = + 7.415 x 80 —10 x 20, 
or C =D = 2.5 tons compression. 


Now we come to the centre span, and must carefully observe 
the following points. Since D has been found to be compres- 
sion for P,, we see at once that the whole upper flange for the 
span AB is for this weight in compression. Diagonal 89 is 
therefore in tension. Were there no vertical strut at B, this 
would cause compression in 910. But brace 910 cannot by 
construction take compref@jon. The strained pieces cut by a 
section through E are then E, B11 and K, which give us the 
centre of moments at B for strain in E. Observe, that were 
it not for the vertical, we should have had 10 for the centre 
of moments; or, 7th the vertical, had D been found tension, 
89 would have been compression ; there would then have been 
no strain in the vertical, that being incapable of tension, and 
diagonal 910 would have been strained, thus giving us also 10 
for the centre of moments. Attention to the above is necessary 
in order to properly pass from the span AB into the middle 
span, 

We have then for strain in E 


E x 10= 7.415 x 40 — 10 x 30, or EH = — 0.84, 
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or in tension, as indicated by the sign, since the momfnt of P, 
overbalances that of the reaction. 
[Wote-—The different lever arms are easily obtained from 
-the known dimensions of the truss. 
unnecessary to detail how they are to be found. They may 
either be measured to scale from the frame or computed trigo- 
nometrically. | 
The lower flanges are found in similar manner. 
Thus, strain in F is zero, since it passes through the point of 
moments. | 
For G and H, we have 


We have considered it 


G x 8 = — 7.415 x 20410 x 10, or G = — 6.04 tension. 


In like manner, for I, 


I x 10 = — 7.415 x 40+ 10 x 30 = + 0.34. 


For K, for similar reasons as above for E, we have centre at 
11, and therefore the reaction at B also enters into the equa- 
tion of moments, and 


K x 10= — 7.415 x 50+ 10 x 40 —1.58 x10, or K = + 1.34, 


We have then, finally, for the strains in the flanges due to P, 


A 


Cc 


D 


ORI 


G 


ai 


EK 


P, 


+10.64 


+10.64 


+2.5 


+2.5 


—0.34) 0 


—6.04 


6.00.8 


+1.34 


In a precisely similar manner we @#fid the strains due to P,, 
P, and ea. 
We have only to observe that for P,, the first weight to the 
right of C in the other span, the reaction at A is negative and 
equal to the reaction of P; at D, already found, or — 1.22. 
Now as we suppose the end A bolted down, this reaction acts 
as a weight of 1.22 tons suspended from the end. So for the 
reactions of P, and P,, viz., — 1.035 and — 0.584. These reac- 
tions, moreover, must all take effect through diagonal 12 and 
flange F', as the end vertical cannot take tension. 
Finding then the strains due to each of the other weights, 
we can, finally, tabulate our results as on next page: 


at 
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Rk IN FLANGES—LIVE LOAD—BRIDGE SHUT. 
a/eajol|»|s|Frls« : = | 24x 
P, |+10.64) + 10.64 +25 | +25 |—084| 0 |—6.04|/—6.04|+0.34 |—1.84] 
P, | 0 | +1247) +12.47/ —0.14 | —0.14 | —7.1 | — 7.1 |—5.82 | —5.88 [42.04 
P, (+39) +39/|+981/+981/+112| 0 |—6.9 |—6.95|—1.12 |41.68) 
P, | 0 |-+25| +25) 440 | +40 | —1.42]~1.42 |—3a3|—a83| 0. 
P, | 0 0 0 0 0 | 0 0 | 0 0 | 0 
Pp | oO | —25| —25 | —40 | — 4.0 | + 1.42) 41.42 | +988 /4+3.93| 0° 
P, | o | —81| —381 |—488 | — 488 | + 1.74] + 1.74 | + 4.06 | + 4.06 [41.88] 
P, | 0 | —26| —26| —44 |—4.14 | + 1.46] + 1.46 | +3.45 | + 8.45 [42.141 
P, | 0 | —14| —1.4 |—2.84 | —2.84 | + 0.83] + 0.88 | + 1.95 | + 1.95 [41.84] 
motat |-+14.54] + 29.51] + 26.78| + 15.81 + 5.12 | +5.45| + 5.45 | + 12.79] + 18.13] 49.89] 
Stnins —96 | — 96 — 15.76) — 15.84) — 8.52] — 21.51) — 21.64) — 9.77 cine 


In the two horizontal lines at bottom, we have the total 
strains of each kind caused by the live load. 

8d. Fiuancrs—Briwcr opey—Derap LoD. 

We have next to find the strains due to the dead load when 
the span is open. = 

We have then 5 tons at each apex, except the ends, where 
we have P, = 2.5 tons. 

These strains are easily found by moments as above, and we 
have then the following table: 


| a|sp|o D B e |e | eas K 
P, 0 |—2 —62 |—1g1 |—101 | +307 |+367| +83 | +83] +10 
P, fo} o |—m.a — —15.0} 0 | +61 | +61 | +150 |+150 
P, | 0| 0 | -0 |—101|—100] 0 0 | +55 | +55 | +100 
P, || 0| 0 0 ee ee a 0 0 +65.0 | +5.0 
Total || 0 |—6.2|—17.4|—s1.2|—40.0| +36 | +9.7 |4+201 | +838 | +400 
Strains - - 


If now, as should be the case, we suppose the centre sup- 
ports raised above the level of the ends, so that the ends just — 
bear, then these strains above act even when the bridge is shut. 
As we have already seen in Art. 131, our formule for the 
reactions are not affected by this state of things. The strains 
due to live load will then be increased by those above, and we 
thus have for the total maximum strains which can ever occur, 


Se a 
— 
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A B | o | D | E F | q | & I | K 
+ 14.54 | + 29.51) + 26.78) + 15.81] + 5.12 | + 9.05 | + 15.15] + 92,89] + 46.93] + 49.38 
— 15.8 | — 27.0 | — 46.96] — 55.84] — 8.52 | — 21.51| — 21.64] 9.77 | —1.34 


Of course, for this-condition of things the ends must always 
be bolted down. 

It is sometimes customary to raise the ends by an apparatus 
for that purpose, after closing the draw, until the proper pro- 
portion of the dead load takes effect also as a positive reaction. 

We can easily find the strains in this case also by adding 
the numbers in the last horizontal line of our table for bridge 
shut, with their proper signs, and taking half the results for a 
new line for dead load strains. The resulting strains can 
then be found precisely as in the table of Art. 8 (Appendix). 
We must also find the strains for bridge open as above, and then 
take the greatest strains of each kind from these two tables. 

In this case the strains would be differently distributed. 
Flange E will be always in tension, A and K always in com- 
pression; the compression in B C and D will be somewhat 
greater than above, and the tension in the same flanges less. 
The reader can easily deduce the strains for this case from the 
two preceding tables. 

If the truss may act as a girder over four Swed supports, 
we should, in order to be certain of the maximum strains, 
make the Galctdation for this case also, using the formnle af 
Art. 122. This is unnecessary, however, if the supports B and 
C can never sink far enough to strike the turn-table, or be im- 
peded in their motion. 


4th. Srratns in THE Draconats. 

We may find the strains in the diagonals also for each 
weight separately, both for bridge open and shut; and a pre- 
cisely similar method of tabulation will give the SEEN 

It will here be found preferable to make a series of da- 
grams, as illustrated in Fig. 86, Art. 124, for each weight and 
its own system of triangulation. We obtain thus the diagonal 
strains, and at the same time check the results obtained for the 
flanges above. 

If we wish to calculate the diagonals, it will be better to find 
the resultant shear acting upon the diagonal, and multiply it by 
the secant of the angle the diagonal makes with the vertical. 
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We can also, if we wish, apply the method of moments. 
Thus, if we determine the point of intersection in the present 
case of the inclined upper flange with the horizontal lower 
flange, this point will be a common centre of moments for the 
diagonals. The lever arms of the diagonals with reference to 
this point must next be determined, and then we are ready. 

This point above for centre of moments is easily found ; thus 

4:40°:10: 100. 
It is therefore 60 ft. to the left of A, or 100 ft. left of B. 


Take now any diagonal, as 34. Its angle with the horizontal — 


is very nearly 42°, and with the vertical 48°. Its lever arm is 
then 80 sin 42° = 53.5, and sec. of angle with vertical is 1.49. 

Now take the weight P,. Its upward reaction at A is 4.964, 
P, being 10. We have then 

[str. in 34] x 53.5 = 10 x 80 — 4.964 x 60 ='+ 502.16, 

The resultant rotation is then positive, or from left to right. 
The point P, then sinks and 4 rises, and 34 is in tension and 
= aa = — 9.38 tons. 

This is sufficient to illustrate the method. 

For the first method referred to above, viz., that by resultant 
shear, the following points are to be observed : 

When a piece slopes towards the nearest support, we say it is 
sloped as a strut, whatever the real strain in it may be. When 
it slopes away from the nearest support, it is sloped as a te. 

The simple shear is the reaction at the support minus the 
weights between any point and that support. 

If any three strained pieces are cut by a section through the 
structure, the strains in these pieces are in equilibrium with the 
simple shear at this section. Hence the algebraic sum of the 
vertical components of these pieces must be equal and opposite 
to the shear itself. 

In order to add these vertical components with proper signs, 


we must remember that if a flange is in tension and sloped asa — 


strut, or in compression and sloped as a tie, we add the vertical 
component of the strain in it to the simple shear already 
obtained. If in compression and sloped as a strut, or tension 
and sloped as a tie, we subtract. . 


* In general, if we take compression as plus and tension as minus, and then 
measure the angle @ made by the piece with the vertical aways from that vertical 


ie: 
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The resultant shear thus obtained then, multiplied by the 
secant of the angle with vertical, gives the strain in diagonal. 

If the sign of the result is negative (—), it shows that the 
strain on the diagonal is contrary to that indicated by its slope. 

To illustrate, let us again take the weight P, and consider 
diagonal 3 4. 

The simple shear at apex 4 is 4.964 —10= — 5. 036. The 
strain in C for P, we have found to be compression, and equal 
to + 12.47. It is sloped asa strut, and its vertical component is 
therefore to be subtracted from the shear above. Since its 
angle is nearly 5° 43’ with the horizontal, this vertical compo- 
nent is 12.47 x sin 5° 43’ = 1.24 

Since H is in this case horizontal, it has no vertical compo- 
nent. The resultant shear is then — 5.036 — 1.24 = — 6.276. 

As the secant of the angle of 34 with the vertical is 1.49, 
we have for the strain in 34, — 6.276 x 1.49 = — 9.35. 

This result being minus, and 34 bemg sloped as a strut, 
the strain is 9.35 tons tension, agreeing closely with the value 
found above by moments. © 

The above method is preferable to the method by moments 
for the diagonals, as we have only to determine the secants for 
the verticals and the sines for the flanges, which is in most 
cases easier than to find the lever arms for the diagonals and 
the points of intersection of the upper and lower flanges 3 in each 
panel. It is, like the method of moments, of general applica- 
tion to any framed structure whose outer forces are known. 

The method of diagram in Art. 124 will be found preferable 
to both. 

It is unnecessary to pursue our example further. With the 
mutual checks of the two methods of calculation explained 
above, as well as the diagrams, correct results cannot fail to be 
obtained, The diagrams should always be made first, as they 
settle by mere inspection many points which may at first cause 
trouble—-such as whether the shear in a piece is subtractive or 
not according to our rule, the character of the strains in dif- 
ferent pieces, etc. It is well to indicate on the diagrams com- 
pressive strains by double or heavy lines. 


from right. to left, thus *) ; we shall have for any case vertical component = 
strain x cos. 0. The cosine will change its sign according to the quadrant it 
is in, according to the above rule, and the sign of the vertical component will 
take care of itself. 
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NOTE TO ART. 128, CHAPTER XII. 


17. We wish hére to call more particular attention to the 
relative economy of the continuous as compared with the 
simple girder. This, we think, is greater than is generally sup- 
posed. It may reach from 18 to 25, and even as high as 50 
per cent. 

Take the example worked out in Art. 128, Fig. 88. We 
have obtained the maximum strains in that Art. upon every 
piece. 

We give them below, compared with the strains in the same 
pieces for a simple girder of same dimensions anb load: 


Aa Ac Ae Ag Ak Bb Ba Br Bh 
Continuous,.—203.5 +63.6 4115.38 +63.6 —203.5 4+89.38 —115.9 —115.9 +893 
Simple...... 0 +180 +240 +180 0 —9 —210 —210 —%# 

ab be ed de ef J9 gh hk 
Continuous.. +189.3 —109.9 +109.9 +45.5 +45.5 +109.9 4109.9 +189.3 
Simple...... +127.38 —127.3 +565 +565 —56.5 456.5 —127.3 +127.3 


It will be seen at once that there is a saving in the flanges— 


about 11 per cent. in all—but the bracing is heavier, giving lit- 


tle or no saving. The span is too short to properly represent 
the relative economy of the two systems. 

If we take a truss such as represented in Pl. 2, Fig. VIL, 
Appendix, by the full lines only, omitting the dotted vortioalp and 
diagonals—height 6 ft., span 50 ft., panel length 10 ft., dead 
load 5 tons per panel, live load 7 tons per panel—and calculate 
the strains in the pieces for a simple girder, and then as a con- 
tinuous girder of two spans and three spans, we have the fol- 
lowing results : 


1 span 2 spans 3 spans 3 spans 
strain in tons. end. middle. 
Diagonals........ 205.2 231.6 229.8 239.4 
Lower Chord.... 200. 168.7 152.9 122.6 
Upper Chord.... 200. 158.7 159.9 135.2 
Total........ 605.2 559. 542.6 497.2 
Per cent. saving. . 8 per ey 10 per cent. | 18 per cent. 
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We have then, in the first case, a saving of 8 per cent., in the 
second, 10, and in the third, 18 per cent. over a simple girder. 
Quite a notable saving, although the spans are very short, and 
although, in the first two cases (the spans being end spans), we do 
not obtain the full advantages of continuity. If, then, instead 
of three simple girders of the above dimensions, we should con- 
struct the girder continuous over the piers, we should save in 
strain, and hence in material, 10 per cent. in each end span, and 
18 per cent., or nearly twice as much, in the centre span. 

The advantage of continuity is rendered still more apparent 
by taking a longer span. Thus for a girder of 200 ft., height 
20 ft.—10 panels, and double system of triangulation, similar to 
Fig. VII.—for a live load of 20 tons per panel, and dead load 
of 10 tons—we have the following results; 


One span, Two spans, Five spans, 
centre, 

* Bracing, |:.... 1398.6 1428.2 1596.2 
Lower Chord. . 2400. 1798.2 1395.7 
Upper Chord. .2550. 1981.6 1622.6 

Total..... 6848.6 5208.0 4614.5 

Per cent. saving............ 18 per cent. 27 per cent. 


That is, we have a saving of 18 per cent. instead of only 8 
per cent., as before, for two spans, and of 27 per cent. for the 
centre span of five spans. Jor three spans, then, of this length 
we should save 18 per cent. on the end, and at least 20 per cent. 
on, the centre span. 

If we suppose the same girder as above fustened or fixed 
horizontally at the ends, we shall have the case of a middle span 
in a very great number, and may expect to find the greatest 
saving possible for this length. 

The formule of Chapter XIII., as also the simple graphical 
method for this case, given in Chapter XIL., Art. 114 [Fig. 80], 
enable us to solve this case ¢asily. The reader will find, on mak- 
ing the calculation, the following strains : 


Strain in tons, 
MPigvonals. . 620s <e sin aeons wae s 1279.2 
Moper Ohord..)é:. 2:5 sete egh co's 940.2 
Reamer ORO. in 'so'0% acejaina omnia ; 965.4 
ML OUOA G2 wess-4in's Birr cecceee . 381848 
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The above will serve to illustrate the point in question quite 
as well, perhaps, as an extended theoretical discussion. We see 
that the saving increases rapidly with the length of the span, 
and may easily rise as high as 30 or 40 per cent., while in some 
cases even 50 per cent. may be realized. 


THE DISADVANTAGES OF THE CONTINUOUS GIRDER ARE: 


1st. The fact that the various pieces, especially the chords, 
undergo strains of opposite character. 

This, in wrought-iron structures, we venture to think of little 
importance. The extra work and cost .of chords and chord con- 
nections necessary to secure the flanges against both compressive 
and tensile strain, can hardly amount to 10, 18, 30, or even 50 
per cent. of the cost of girder ! 

2d. Difficulty of calculation. 

We have, we trust, in what precedes, and in Chapter XIIL, 
succeeded in removing this objection. 

The opinion is widespread among engineers that the deter- 
mination of strains in the continuous girder is impracticable 
and involved in mystery. No opinion could well be more un- 
founded. The accurate and complete calculation for all pos- 
sible loading, live or dead, is precisely similar to and offers no 
more difficulty than the simple girder itself. 

The formulz for moments and shears are, as we have seen, 
simple and easy of application. 

The graphic method here developed offers also a thorough 
solution. In view of both, and of the extensive literature upon 
the subject (which seems, by the way, to have been so generally 
ignored), we can finally pronounce the problem to be fully 
solved. 

3d. The changes of strain, toto and often considerable, 
which a small settling of the piers,or change of level of the 
supports may occasion. ~ 

This, be it observed, is only of importance when the piers 
settle after the erection of the superstructure. If piers are to 
be considered as settling indefinitely, or continuously during a 
succession of seasons, continuous girders are not to be thought 
of. If, however, as is generally the fact, the pier’ take their 
permanent set during the first season, and afterwards are im- 
movable, the above objection has no weight. It is no¢ necessary 
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that the piers should be exactly on level or even on line, or even 
that the differences of level be known. 

As shown in Art. 121, these differences produce no effect, 
provided the girder be built to the profile of the supporting 
points. 

If in any case these differences are required, and it is con- 
sidered difficult to determine them over water with sufficient 
accuracy, then the proper reactions at the several piers may be 
weighed off,* and the girder thus left in position under pre- 
cisely the cireumstances for which it has been calculated. 


THE PRINCIPAL ADVANTAGES OF THE CONTINUOUS GIRDER ARE: 


1st. Ease of erection, where false works are difficult or ex- 
pensive. The girder may be built on shore, and then in 
out over the piers. 

2d. Saving in width of piers, as compared with width re- 
quired for separate successive spans. The girder may be placed 
upon knife edges at the piers. In fact, such a construction is 
preferable, as better ensuring the calculated strains. Width of 
piers is undesirable. 

3d. Saving in material—usually from 25 to 380 per cent. 


Chapter XIII. we have all the formule required for the solution 
of the continuous girder for supports on a level, or all on line, 
when the deviation from level is small, whatever may be the 
number or relative length of thespans. If for a continuous girder 
of constant cross-section, the supports are properly lowered after 
the girder is placed upon them, we may obtain a saving of 23 
per cent., or more, in material over the same girder with sup- 
ports all on level. If, however, the cross-section varies accord- 
‘ing to the strain—in other words, if the girder is of constant 
‘strength—no advantage is gained from thus lowering interme- 
diate supports. Such disposition of the supports may even act 
injuriously. 

The formule for shear and moments which we have given 
are, indeed, based upon the hypothesis of constant cross-section, 
but the strains in every piece of the girder being found for the 
shears and moments thus obtained, each piece is proportioned 


"An idea first suggested by Clemens Herschel, C.H.: Continuous, Revolving 
Draw Spans. Little, Brown & Co., Boston, 1875. 
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to its strain, and the actual girder erected is not of constant 
cross-section, but more nearly one of uniform strength. Formu- 
lee for the case of supports out of level, as well as determina- 
tions of the best differences of level, are hence of but little prac- 
tical importance, and have not been given. If, however, it be 


required to find the effect due to the sinking of any one pier, 


the following may be found of service. 

Let the n™ support be depressed below the level of the others. 
by the distance A. Then the moments at all the supports are 
changed. The moments at ” and at each alternate support 
from 2 are diminished, and at the others increased. 

Let x= 2h EI 

Then, when all the spans are equal, the following formule 
give the moment at any support: 

1st. All spans equal. nm = number of lowered support, from 


left, 
whenm<n, M,= Sm Co—n+? Fy 
: = : 


Cs41 
= cs H Cy_1 Can 42 ott Cp Cy—n+1 
wham=n, M,=-— D eae H, 


Os m9 0 
whenm>n, M, =" =H 


where 4 = 0, ®= +1, g=—4, q4=+15, g = — 56, 


Cs = + 209, ete. ) . 
From the moments at the supports the shears can be readily 
determined from the formula of Art. 148, viz.: 


M, — M, ’ M, 41 — 
ere Le ras tg, 
_ M,— Mi, 41 "anges M,, — M,_ 
Sn, Fis fo > Ss m Gy 4, 
where g = P (1—%) for concentrated load and . for uniform, 
g=Pk and 7%. : 


2 
2d. Spans all unequal. 
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3h, EI M,_1 Ina + M41 Un 


me re ahs agate) 
Bc. sea : Ca 4 yas * | 6 A, BI, 
when m> Nn, M,, a bea Cy-1 - 2 (laa 3 A) Cg 


in which expressions 


hth | 4G +h)Gt+h)— 


= 0, = 1, Se 1 ly Ty 

ee eta be ee 

l, , 

1, + O,_; 

d, = 0, d, = 1, Cat Reha, 
aos 4 (7, +04) Us1+%,2)—Poa 
es l,-1 ly P 
d= —290, eats d, = ete. 

les bs 


. The reader who has learned the use of the formule of Chap- 
ter XIII. will have no difficulty in applying the above to any 
particular case. In the same way as there explained, by mak- 
ing 7, and 7, zero, we may fix the girder at the ends, etc. The 
formulee for shear at any support are, of course, the same as 
before (Art. 150). 

Ex. 1. Let a beam of two equal spans be uniformly loaded 
throughout its whole length, and let the centre support be low- 
ered by an amount he = et Lm What are the moments and 
reactions ? 

The moments due to the full load alone before the support is 


lowered are M,=0, M, = = M,=0 (Art. 150). For 


the moment due to the lowering of the support alone, we have 
from the above formule, since 


38wk 
aay Ee. = 2, Mm =n = 2, 
wre 
M, = 0, Mee oes M, = 0. 
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For the shears, then, we have 

= at l, S,= wl, 

gS, = 7, wi, S4=2 wl : 
Hence, R= 7 d, R, = 55 wl, Ry = i wl 


Ex. 2. How much must we lower the second support in the 
above example, in order that the reaction at the centre ie 6 
may be just zero ? 


In this case we have 


My eg 4 

, _2™M, wl 6h,EI 5 6h, B1 ce 
Ss 3= iss + Z 4 B +wl= q wl ae . ; 4 
If this is to be zero, we have } : % 
_ Bult Le& fe 

le= srRY and MS gr FE 

and R,=wl, R,=0, R,=wl, . 
or precisely as for a beam of single span and length 27. a : 
Ex. 3. A beam of four equal spans is ee and the | : 
third support is lowered by an amount hs = oy a sae r What are ; 
the reactions ? ; L | 
An RS 2 ok Ro oe: eee y 
112 112 112 % 

R,=R, R,=R,. } M 

Ex. 4, A beam of five equal spans rests as a continuous gir- ae 
der over sia supports. Having given the dimensions of the ‘s 
beam, length of spans, and coefficient of elasticity ; to deter- a 


mine the reactions due to a sinking of the third support one- 

eighth of an ich. 
Let the beam be of wood, 1 foot wide, 1.5 deep, 2 
L= 20 feet, s=5, r= 3, E= 288,000,000 lbs. per sq. ft. = 
hg = 4 in. = 0.010417 ft. 


ee ay. 
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Then, ®=1, g@=—4 q4=15, g=—56, o&= 209, 
or, inserting the constants above, and I= be ba*&= oe 


M,=M,=0, M,=5448, M,;=—9142, M,= 5812; 
M, = — 1453 ft. lbs. 

If all the spans are unloaded. For the reactions necessary 
to bend it and keep it down to the supports, Rj = — 272 lbs., 
R,=1002, R,= —1477, Ry=1111, R;= — 436, R,= 73. 

Lf the beam weigh 75 lbs. per foot, what deflection of third 
support will raise the left end from the abutment ? 


Ans. R, = a wl= ye or As = 0.0226 ft.=0.2712 in. 


It will be observed that a small difference of level has then 
considerable effect. 


Ex. 5. Two equal spans are uniformly loaded. How high 
must the centre be raised in order that the ends may just 
touch ? 

This is the case of the pivot span with centre support raised. 
(See Art. 121.) . 

The reactions at the ends are zero. Atpier, then, R, = 2w/, 
hence moment at pier M,=4w/f. But the moment when the 
supports are on level is M,=3w/, hence 3w/ must be due 
to the elevation of the support. Then from our formule, 


{of == or = — sap 


which is precisely the same as the deflection of an horizontal 
beam, fastened at one end, and free at the other (Supplement 
to Chap. VIIL., Art. 13). 


25 
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NOTE TO CHAPTER XIV. 
THE BRACED ARCH. 


19. The subject of braced arches is an important,one, and 
is treated in no work with the fulness and completeness it 
deserves. The methods and formule of Chapter XIV. will, 
we believe, render the determination of the strains in this class 
of structure easy, and we propose in the following to illustrate 
their use, so far as may be necessary to render their application 
clear. 

In PL. 4, Fig. X., we have represented a braced circular 
arch with parallel flanges. Span of centre line = 175 ft.; 
radius, 201.4 ft.; rise, 20 ft. In practice, the panels would be 
taken of equal length; for convenience of calculation, however, 
we suppose the panel length to vary so that the horizontal pro- 
jection is constant, and equal to 25 ft. Depth of arch, 10 ft. 
Hence, span of lower flange = 170.6 ft.; rise, 19.5 ft.; radius, 
196.4 ft. Span of upper flange, 179.34 ft. ; rise, 20.5 ft. ; radius, 
206.4 ft. 

Since the flanges are, in practice, broken lines, and not true 
curves, the depth or lever arm for upper flanges is 9.48 ft., for 
lower flanges, 10.4 ft. 

The determination of the other dimensions required is then 
easy, and a simple question of trigonometry. 7 

Thus we have for the half central angle a = 25° 45’, and for 


the distances of the apices from the chord of the centre line: “4 
For1...—4.5  8.,.. 47  6...,118  %....146 S00 
© 9....108 . 4:...185) 6....984 | Basco ey 
We suppose the load at each apex 10 tons, and shall consider ‘ F 
1st. Arch hinged at crown or apex 8, and at the ends of sa 


the lower flange—the flanges H and A being removed. 

2d. Arch hinged at apex 8, and at the ends of the centre 
line—the flanges A and E butting against a skew back or pivoted ~ 
plate, and the flange H only being removed. 

3d. Arch continuous at crown—the flange H being retained, 
and hinged at ends of ower flanges. 
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4th. Arch, as in 3d, but pivoted at ends of centre line. 

5th. Arch without hinges, or continuous at crown and fixed 
at abutments. 

These cases will illustrate all the principles of Chapter XIV., 
and a comparison of the results obtained in each case may 
prove instructive. 

20. Arch hinged at apex 8, and at the extremities of the 
lower flange—flanges H and A being removed. 

From Art. 158 we can easily find the reaction and horizon- 
tal thrust at left end either by construction or formula for 
every weight. Thus 


_P@+2) _P@—2) 
Vv= Se a and H= ia, 
For the first weight P,, then, 
_ 10 (85.3 — 75) _ | 
v= 1706. = 0.603, and 
_ 10 (85.3 + 75.3) _ 
ps ean Sra Guna 2.73 tons. 
For the weight P,,, 
_ 10 (85.3 + 37.5) __ d 
on ee is 
_ 10 (85.38 — 37.5) __ 
n= Ix 99.8 = 8.1 tons. 
In similar manner, we find 
P, = 0.603, P, == 1.33, P; = 2.06, 
H, = 2.74, H, = 3.84, H, = 5.9, 
P, = 2.8, P; — 3.53, P, = 4.2, 
H, = 8,1, H, = 10.2, H, = 12.1, 
P, = 5.0, P, — 5.7, P, — 6.47, Mies 7.2, 
H, = 14.4, HB, = 12.1, H, = 10.2, H,,.= 8.1, 
r= 7.94, Pi 8.6, r= 9.4, 
a= 5.9, H,.= 38.84, H.= 1.74. 


It will be at once seen that the reaction of P, at A is the 
same as of P, at B, or equal to 10 — P,; while the horizontal 
thrust is the same for both. We need them only to find P and 
H for weights 1 to 7, and can then at once write down the 
others. We are now ready either to calculate or diagram the 
strains. 
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Thus, for instance, for Py) (see Fig. X.), we lay off the reaction 
at A upwards to scale from C to'D, then the horizontal thrust 


at A from D to 1, then the equal thrust at B from 1 back to D, — 


then the reaction at B from D to 8, and finally the weight 
down from 8 back to C, thus closing the polygon for the exterior 
forces. Lines parallel to the pieces then give the strains. 
Thus the thrust and reaction at A are in equilibrium with E 
and 12. Then 12 is in equilibrium with B and 238, and so on. 
Observe that the diagram checks ttself. Thus the last diagonal 
78 must be in equilibrium with 67 and G (flange H_ being re- 
moved), and that this is so is shown by the strain in 78 passing 
exactly through 8, thus making the strain in H zero. We can 
also check the work by calculating the strain in the last flange 
D by moments. Thus for Py 

D x 9.438 = 7.2 x 72.8 — 8.1 x 19.1—10 x 25 = 119.45, 
or D=+ 12.6. é; 
If this agrees with D as found by diagram, and if the diagram 
also checks, we may have confidence in the accuracy of the 
work, and at once scale off the strains. Observe that diagonals 
45 and 56 are both tension; also that F and G are tension. 

We have given also the diagram for Py, which the reader 


can easily follow through for himself. F and G are both ten- . 


sion, 84 and 45 both compression. The horizontal thrust is 
8 5, and the reaction at A= 61. 

We thus make a diagram for each separate weight, and then 
taking the dead load at 4 the live, we can form the following 
table of strains. Since we wish only the maximum strains on 
one-half the arch, those on the other half being precisely simi- 
lar, we can diagram the strains due to all the weights upon the 
right half at once by taking the sum of their reactions and 
thrust at A. We have then the following table: 
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21. Arch hinged at Apex 8 and at the Extremities oft he 
centre Line; Flanges A being retained, and only H a = 
moved.—The method of solution is precisely the same a8 
before, the only difference being that the span is now 175 fe 
instead of 170.6, and the rise 25 ft. instead of 29.5. The reac- — 
tions and thrust will then be somewhat different. Thus, RG 
the left abutment A, ees 


P,=0.71, P,=142, P,=214, P,=285, P= se 4 
H,= 2.48, H,= 4.97, sat 75, H,=9.97, H,= 12.5, yy 


We fats therefore ag ea table: 


THE BRACED ARCH. 391 


APPENDIX. | 


gsie— | 9% +] et — joog—|roe+ lat —loe — le ~ le —|r. —los —lemr+|rert+] ez 
eie— | oer +] oy — |rue—lrst+ lot +}oe +loe +|re + foe +len —lae —lem—| 29 
eeo— | ose + | rt + luezs—|ooet+ les —lor —|r2 —l¥e —leo +|te +]o0 +/e8 +] 99 
oes — |Fo +] es — |oee—lan +lot tise +leoe +ies —loo —lae —lat—lee —| oF 
ror— | eee +| oo + |ror—|ree+lre —loz —lo8 +\r9 +lov +loe t+]oo +iao +] #9 
vre— | ot +] e8 — |voe—lo6 + lot +|eor—lsu —los —laz—lro —lae tier +] eg 
oe — lore +| otr+ [eor—lece+loer+ lom+ los + lay +loe +|[rt —leo —lae —| et 
sep— | cue + | ot — Ieor—loue+|ee —jor —loer—loxn —lror—l|eoo —lror+|tie+| 2 
err— | 9. + | oer+ |ses—lee¢+ lve —|ror—lo9 —l|r2 —jo0 —|s9 +loes+lroet+| af 
us | ges + | sve+ |eor—|oeot jos —|re —jot > let +}ro +\/e8 +}eot+lowt+| 
vee | ggert | Teo+ | 7+ | reettlor + [69 -+ |sor+ |otmwt+ |rer+|siet loiw+loe+| a 
vives | GHEE | TOG + Vor +}/2'°9 + lover + | rer+ |ow+ losr+ieet+ise +lee+| o 
see | pop t | wort | oe: leeet+ loor+ [roet lour+ lee + loort+ lon + lon +lrort+| a@ 
sos | goop + | geet | co’ |tmtiee +[er +]oe +}ro +len tire +leestt+lewt+] vw 
‘SUPE G WMUTXe TL uae rea ot Nae. GE aN OL i an Be tz f a | ta 
ULIOJIU() . 


‘ANIT GUINDO JO SHILINDULXA LV 


GNV NMOWO LY GHONIH 


892 NOTE TO OMAP. XIV. [ APPENDIX, 


A comparison of this table with the preceding shows that we 
have gained nothing by introducing two end flanges at A at 
each end, and pivoting the arch at the extremities of the centre 
line. We have indeed slightly diminished the strains in the 
lower flanges E and F, as also in the bracing, but the other 
strains are much greater than before—a result which might 
have been anticipated, since the effect of hinging at the centre, 
instead of at the extremities of the lower flange, is simply to 
reduce the effective height or rise from 29.5 ft. to 25 ft. In our 
example, since the depth of arch is half the whole rise of the 
centre line, this reduction is considerable. 

For a much longer span and smaller proportional depth the 
difference would not be so marked, but it would seem that the 
strains in the second case must always be greater than in the 
first. The best construction, then, seems to require the hinge 
in the upper flange at the crown, and at the extremities of the 
lower flange at the abutments. By this means, the greatest ef- 
fective rise is obtained, and both ribs aid in supporting the 
load. Were the hinges all three in the same rib, then, for 
uniform load, that rib alone is the sole supporting member, and 
is unassisted by the other. This should then be avoided. 

22. Arch continuous at Crown, and hinged at Ends of 
Lower Rib.-—For this case, referring to Art. 159, we have sim- 
ply to interpolate from our table there given the values of A, 
B and % in the equation, 


and thus plot the curve cdetk, Fig. 91. The construction of 
the reactions and horizontal thrust for each weight is then easy. 
These once known, we proceed as above, in order to find the 
strains. 


Now, in the formule above «= ee and since we can put 


. . 
for a the square of the radius of gyration, and this radius is 
approximately the half depth of the arch, we have 
ae 7 ee, ey 
~ (170.6) ~ 29104.36 1164 


Now B and A are, as we see from the table, small, and hence 


in our present example the terms containing « can be disre- 


APPENDIX. ] THE BRACED ARCH. . 898 


garded, and the value of y can be taken directly from the 
table for Yo given in Art. 159. For a = 25° 45’, then we have 
at once, since A=19.5, — 


for B=), y = 1.295 A = 25.25 ft., 
B=02a, y=1.804A = 25.42 ft., 
B=038a, y=1.8385 h = 26.08 ft., ete. 


The corresponding value of # is R cos B. 

Having thus plotted the curve, and constructed the reaction 
and thrust for each weight, the diagram for strains proceeds as 
before, We thus form the following table: 
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Comparing these results with those in our table above, Art. 
19, for the same case not continuous at the crown, we see that 
the strains in the upper flanges are much less, and are, more- 
over, of opposite character; while the strains in the lower 
flanges are greatly increased, and nothing is gained. This re- 
sult might also have been anticipated, since the effect of insert- 
ing the flange H is to reduce the effective height from 29.5 to 
19.5 ft., and, moreover, for total dead and live load, nearly the 
whole weight comes directly upon the continuous lower rib, and 
the upper aids but very little. 

23. Strains due to Temperature.—We have, in addition, 
strains due to change of temperature to be taken into account 
in determining the total maximum strains. 

For the present case we have, from Art. 165, for the thrust 
due to change of temperature, 


H— EHIAc?¢ 
~ 8AH+157 
or, substituting in the place of = the square of the radius of 
gyration = g*, we have 
_LDbEAPet 
~ BAF+15 9 ° 


Now g is approximately the half depth of arch; hence g = 
25 sq. ft. = 3600 sq. inches. Taking 5 tons to the square inch 
as our unit strain, we may take the area of our flanges, as de- 
termined from the above table of strains at about 25 square 
inches.. Hence A = 50. Taking EK = 14,000 tons per sq. inch, 
/? = 19.5* = 54,756 sq. inches, and supposing the temperature 
to vary 25° (Centigrade) on each side of the mean, we have, 
assuming e at 0.000012, the thrust H = about 25 tons. 

It is easy to find either by moments or diagram, or both, the 
strains due to this thrust. Since the temperature varies between 
25° on both sides of the mean, this thrust can be both positive 
and negative, and the corresponding strains have, therefore, 
double sign. We find, therefore, 


B= F 24.5 C= F404. D=¥ 491 E= +4 87.5 
F= + 55.9 G=4+669  H=4 69.6 5 
129=F171 28=4150 84=F 86 45= 412.5 
56= F 2.2 67=+4 97. T8=F 5.7 
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Hence we have, for the ¢o¢a7 maximum strains for the case of 
the preceding article, ! 


B =+ 57.4—684 C=+4 811—771 D=+ 642—914 
E =+ 279.4 F=+ 286.3 G =+ 286.5 

H =+ 285.3 12=+ 5384—339.7 283=+ 43.7— 288 
84=+ 387.8-22.445=+ 404— 28.4 56=+ 234-125 
67=+ 3864—22.7 78=+ 42.5 — 23.8 


24, Arch continuous at the Crown, pivoted at the 
éxtremities of the Centre Line.—The method of solution is 
precisely similar to the preceding. We have only to take the 
rise of the centre line, or 4 = 20, instead of A =19.5, as before, 
and the radius and span of centre line, instead of the radius and 
span of the lower rib. 

One point only needs to be noticed. Having found the reac- 
tion and thrust for any weight, these forces now act at the ex- 
tremity of the centre line. We can therefore form the strain 
diagram as follows: 

First calculate by moments the strain in A and E, Then, in 
diagram (c), Fig. X., having laid off the thrust 0 C and the reac- 
tion C 4, draw from o and 6 lines parallel to A and B, and lay 
off o A equal to the strain in A, and dd to the strain in EB, 
Then, if these strains have been correctly found, the line A d 
must be parallel to and give the strain in diagonal 12. The 
diagram thus commenced, can then be continued as shown, and 
the strains in all the pieces determined. 

We may also form the strain diagram without calenlating A 
and E. Thus o 6 is the resultant acting at the end of the 
centre line. Since it acts then half way between A and B, 
bisect it in a, and draw a A perpendicular to flange A. Then 
o A is the strain in A, and drawing A d parallel to diagonal 12, 
we have at once the strain in E and 12. 

Performing the operations indicated, we obtain the following 
table of strains : 
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A comparison of the above with the same case hinged at 
the ends of the lower rib, shows a decided gain. The effective 
height is increased, being now 20 ft., in place of 19.5; in 
addition to which both ribs under total load bear their proper 
proportion. If, then, we wish the arch continuous at crown, 
both ribs should butt against an end plate, pivoted in the 
centre. This is preferable to hinging the lower rib at its ex- 
tremities, and removing the end flanges A. 

25. Temperature Strains.—For the strains due to tem- 
perature, we may take, as before, the thrust H = 25 tons, and 
find thus 


A=2+11.2 B=7F132 C=7F294 D= 7387.6 
B= +270 FP=+455 G=+564 H=+592 
12= F178 283=>+4138.9 34=>7F798 45=2113 
56=7F 28 67=+ 81 78=2+43 
—all somewhat less than in the previous case, as they should be, 
since the point of application is at the centre between the 
flanges. 


We have then from the prceeding table the ¢o¢a/ maximum 
strains : 


A= + 135.7 B= + 135.2. C—+ 1443 -D= +1655 


9 Lh 176.7 8) ee 
Bee, PS a Oe 
"40,0 on 884 gut 98) be 
12=_ 441 28=_ 399 84= 1 o54 45=_961 
LOTS Aue 4: 294o pas eRe 
56= 935 6T=_3g07 T8=_ g47 


26. Arch continuous at Crown and fixed at the Ends, 
—From our table, Art. 160, we have directly for a = 25° 45’, 
and 4 = 20, y being now measured above the horizontal tangent 
at crown of centre line, 


for8=0, y=0.2094= 4.18 ft. 
B=0.2a, y= 0.208 A = 4.16 
B=0Aa, y = 0.206 h = 4.12 
B=0.6a, y= 0.201 A = 4.02 
B=0.8a, y= 0.198 h = 3,96 
B=1.0a, y= 0.189 2 = 3.78 
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Also from our formule of Art. 160, we have 


| 40 
“= — ETE ale +5a— 246.1 | 


40 3 
“= — iE GIST ale —5a— 246.1 | 


Hence for 


P, e=—% ¢=+792 o, = —46.16 
PL e=— 625 ¢.= +744 co, = — 2040 
P, #=—50 ¢4=>+6.72 o=— 9.50 
P, «=— 375 ¢6=+60 e=— 4.20 
P, #=—2% 6,=+5.28 ¢=— 0.96 
P, #=—125 ¢4=+420 o=+ 1.56 
Poe se. 0 6,== +.2.88 o= + 2.88 
P, «=4+125 ¢6=+156 ¢=+ 4.20 


e=+25 ¢4=—0.96 ¢=+_ 5.28, ete, 


negative values of ¢ being laid off below the ends of centre 
line. These values of C, and C, we have checked as recom- 
mended in Art. 20, page 801. 

We can therefore easily construct the left reactions, as ex- 
plained in Art. 160, Fig. 92. We thus obtain 


= 0.2, Bez O60; P= 16, 
oa 1.7, H, — 5.2, H, = 10.3, 
M, = — 13.46 M,=+—3887 M,= + — 69.22, 
Pio a1, bf P, = 4.0, 
H, = 14.1, Fs 28.0, H, = 20.0, 
M,= + — 846, M,=-— 9, M,= — 84, 
roa 5.0, Fuze 6.0; eae 0.0; 
H, = 20.6, H, = 20.0, H, = 18.0, 
M, = + — 59.32, M, = — 31.20, M, = — 17.28, 
: Ty P,; = 8.7, Pio G4, Err 0.0, 


H,=141, H,=—103, H,=52, H,=1.7, 
M,, = + 59.22, M,, = + 97.85, M,, = + 106, M,, = + 78.47. 


A positive moment indicates compression in the lower flange 
at abutment, and tension in upper. | 


r 


We can therefore easily calculate the strains in anges 
and E for each weight. _ . sag? 
Thus, for P,, | 2 
AX 948 =8.7x224+103X45—974, ° 
or = — 8.48, 3 
\ E x 10.4=—8.7 x 12.5 + 10.8 x 10.8 + 97.4, _ 
or E = 9.60. 


The strain diagram can then be commenced, as shown in di 

gram (¢), Fig. X., and explained above. We can find by « 

culation the flange H, and thus check our diagram. pe 
Proceeding thus, we obtain the following table of strains? : 
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The strains in the present case are, we see, much greater 
than for any of the others. Unless the maximum of stiffness 
is essential, it would appear, then, undesirable to fix the arch at 
the ends for an arch of the above dimensions. 

27. Temperature Strains,—The strains due to tempera- 
ture are also very great. Thus, from Art. 165, we have 


45 EIA ect 
4Ah?+451? 


and for the distance of the point of action of this thrust, below 
the crown of the centre line, 
_AG+6DA 
& ot 8 A a > 


Ho = 


I 
or since r Cook oe 25 ft., 
_ A BAG et ; _A(@’? +69’) 
4A + 45977 9 Sat) Tie . 
For A = 60 square in, a= 87.5 ft, A= 20 ft. = 240 in, 
g=60 in. =5 ft, e=0.000012, E = 14,000 tons, ¢= 30°, 
we have 
H=125tons and ¢ = 6.7 ft. 
Hence we have the strains 
A= +298, O= +290, B= + 30.0, G= +1185, 
B= + 112.5, D= + 13.0, F= => 65.0, H= +1875, 
12= + 96.0, 84= + 67.0,,56 = = 29.5, 
28=+51.0, 45= 439.5, 672 495.0, (8= +2. 
Therefore the total strains are 


aati, Bat ee C= +1605 D=+ 1544 
B=+1460 FatiOS git wat too 
19= 7150 28= 2 759 84=~ goo 45=— Bap 
Siler “ie, OC = | a Te ee 


With the above we close our discussion of the braced arch. 
Our design has been to illustrate the application of the for- 
mul and methods of Chapter XIV., and to show that by their 
aid such a structure can be calculated with ease and certainty. 
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In short, the difficulty is but little if any greater than for a 
simple girder, only for a long span and many panels the work 
becomes tedious and wearisome. 

In such a case, perhaps the method of moments will be found 
preferable to diagrams. Thus, for any condition of loading, we 
can easily find the strains at certain given intervals or portions 
of the span, as +;th, ths, etc. . These strains being plotted to 
scale along the span, we have a curve from which we can 
readily determine the strain at other points. 

The strains in the flanges being thus known, we can readily 
determine the transverse force, or force at right angles to the 
rib, at any point. This force causes strain in the diagonals, and 
has simply to be multiplied by the secant of the angle made 
with it by any diagonal, 

As to the efocts: of temperature, the remarks of Art. 166 do 

not seem to be substantiated by our results. It would seem 
that, according to the received formule, the strains due to tem- 
perature are very great, and that by far the best form of con- 
struction for short spans is that in which the arch is hinged at 
both abutments and crown. , 
_ 28. Advantage of Arch with fixed Ends for lomg Spans, 
We cannot conclude from our results above anything as to the 
comparative advantages or disadvantages of the arch with fixed 
ends. Different proportions will give altogether different re 
sults. We can only say that for small spans the arch with 
three hinges is undoubtedly the best construction. The ad- 
vantages of continuity will be apparent only for long spans 
where the point of inflexion is distant from the ends by a 
greater proportion of the span. We have already seen the 
same to be true of the continuous girder. If we were to judge 
from comparisons of short spans only, we should be inclined 
to discredit any great advantage for continuity. If, however, 
we take longer spans, so as to bie the points of inflection well 
out, we find a marked saving.* 

We had intended to give here a comparison of the strains in | 
a hinged arch with those in the central span of the St. Louis 
bridge, as given in the Report of Capt. Eads to the Jilinois and 
St. Louis Bridge Co. for May, 1868. 

As this goes to press, however, our attention has been called 


* Art. 17 of this Appendix. 
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to an article in the Zrans. of the Am. Soc. of Civil Eng. for 
May, 1875, which, although written with precisely the opposite 
intention, seems to prove so clearly the superiority for long 
spans of the arch without hinges, that it is unnecessary to give 
a comparison here. We have only to take the results and prop- 
erly interpret them. ; 

Thus, while ostensibly investigating the strains in the centre 
arch of the St. Louis bridge—an arch which is continuous at 
crown and fixed at the end—the formula given in Art. 27 of 

2 
the Supplement to Chap. XIV. is used, viz., H =". That 
is, the arch is considered as having hinges at both crown and 
ends. 

Then, supposing the arch to be affected by temperature, the 
above formula is applied to an arch hinged at crown in lower 
chord and at ends in upper chord, of the same dimensions as 
the St. Louis bridge. It is hardly necessary to point out here 
that if the arch zs really thus hinged, or can be supposed thus 
hinged, there can be no temperature strains. If, however, it is 


not hinged, then the above formula does not apply. The one. 


2 
assumption contradicts the other. The formula H =— can 
be applied to no arch which is strained by temperature. Such 
a treatment would seem justified in view of the statement of 
Capt. Eads, that for the greatest rise of temperature above the 
mean, the lower arch does al/ the duty at crown, and the upper 
at the ends. If this were accurately so, then the results of the 
article referred to would give the true strains. All that Capt. 
Eads evidently intended to imply was, that a rise of tempera- 
ture relieved the upper chord at crown of a great part of its 
compression and increased that of the lower. It does not by 
any means follow that the upper chord is entirely relieved, 
under which supposition only can the lower chord be supposed 
hinged. On the contrary, for an equal fall of temperature 
below the mean, the lower chord is relieved and extra strain 
brought in the upper chord at crown, If the adjustment were 
just such that the previous compression in the lower chord 
should be exactly neutralized, then the arch might be consid- 


ered as hinged at the upper flange and lower ends, and thus ~ 


we should zncrease the rise of the arch by the. depth, which 


_ would decrease greatly the strains obtained. The one supposi- © 
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tion is as much justified by the remarks of Capt. Eads, which 
are quoted, as the other—and neither are correct. Apart, how- 
ever, from the merits of the controversy, with which we have 
nothing to do, the results given are undoubtedly correct for an 
arch of the same dimensions as the St. Louis—uniformly loaded 
and hinged at the ends in upper flange and at the crown in 
lower. If, then, a comparison of these results with those given 
by Capt. Eads shows them all too large, then, since Capt. Eads’ 
formule are, as we have seen, undoubtedly correct, it clearly 
shows the superiority of the arch without hinges. This is the 
only legitimate deduction which can be made. 

The formulee of the paper to which we refer, are undoubtedly 
as “true as the principles of the lever,’ and apply, beyond 
question, to an arch hinged as he supposes. Our formule in 
Art. 27 of the Supplement to Chap. XIV. are also as true as 
these principles ; but to apply correctly even so simple a prin- 
ciple as that of the lever, demands a knowledge of add the forces 
and their points of application. From our formule, as we 
have shown in Art. 84 of the above Supplement, we may easily 
deduce Capt. Eads’, thus proving the accuracy of both. Though 
the “caleulus will not determine the strazs affecting a truss, 
whether arched or horizontal,” it may nevertheless be exceed- 
ingly serviceable in determining the forces which act upon the 
truss—without an accurate knowledge of which the “ principle 
of the lever” can only mislead. This principle, upon which 
so much stress is laid, is precisely that which we have employed 
so often in this work, and shown to be of universal application. 
In Art. 36 of this Appendix we have made use of it, just as in 
the paper referred to, in the calculation of an arch similar to 
the St. Louis. Our results differ from those there obtained, 
simply because we take into account a force and lever arm 
whose existence is there ignored. The paper assumes that V 
and H and the load are all the forces which act, and these are 
all of which the formule given take account. In common with 
Capt. Eads, we take in addition a moment due to the continuity 
of the ends, while V and H themselves, by reason of this con- 
tinuity, have very different values. 

Thus, for full load, we have from eq. (81), Art. 84 of Sup- 
plement to Chap. XIV., 

_pe 4h 
~ Oh 45g +42’ 


— 
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and from eq. (84) 


8 AM +1T5 9 a 


= — OP” ENE GB 


Thus, instead of H =P 
2h 

this into a certain coefficient which is less than unity. 
Taking pa = 936,000 lbs, g = 6.025 ft. @ = 257.88 ft., 
and 2 = 46.65 ft. for centre line, we have H = 2,178,317 for 
thrust at crown, instead of 2,586,184.9 lbs. This thrust alone 


, as given in the paper, we have 


would cause, then, 1,089,158 lbs. compression in ‘each flange. 


But due to continuity of ends and crown, we have a/so a mo- 
ment at crown M, = — 6,587,335, which being negative causes 
tension in lower flange at crown. Dividing by 12.05, the depth 
of arch, we have 546,666 lbs. tension, and therefore only 
1,089,158 — 546,666 or 542,492 lbs. resulting compression. 
This at 27,500 lbs. per square inch, requires 19.72 square inches 
area, while in the paper referred to we have 126.42 square 
inches area. It is, however, but just to notice, that while this 
loading (uniform) causes the maximum compression in lower 


flange at crown for hinged arch, it does not for the arch fixed 


at ends and continuous at crown. 
In this latter case, as we may see at once from the table for 
M, of Art. 18, Supplement to Chap. XIV., a load within the 


centre half anywhere, causes tension in the lower flange, and 


the maximum compression is when the flanks are loaded and 
this portion is empty. It is with the maxima that the com- 
parison must be made, and as Capt. Eads has, very properly, 
taken the rolling load into account, it is with these maxima 
that the comparison Aas been made. From-such comparison 


the paper finds that “every member of the two tubes is defi- 


cient in area, many containing much less than half the material 
that is necessary.” As the results are correctly calculated for 
a hinged arch, and Capt. Eads’ results are also correct for an 
arch without hinges, we can only conclude—noé that. “the 
great importance of immediately strengthening the ribs of the 
St. Louis bridge can no longer be ignored,” but rather that, for 


long spans of small .relative rise, the arch without hinges is — 


much preferable and more economical. The case is, indeed, 
perfectly analogous to that of the continuous girder. Here 


- ie 
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also we have end moments, and here also for long spans the 
advantage over the simple girder is marked. 

In the hinged arch it is, indeed, perfectly true that, “when 
one segment is loaded, any weight whatever in any other posi- 
tion on the other segment will lessen the tension on the lower 
arc of the loaded segment.” In the arch without hinges the 
case is altogether different, owing to the influence of the end 
moments, which the paper referred to so persistently ignores. 

The two cases have, indeed, nothing whatever in common, 
and from the strains in one no conclusion whatever can be 
drawn as to what should be the strains in the other. With the 
same propriety might one comparing the strains in the same 
girder fixed at ends and free at ends, as given in Art. 17 of 
this Appendix, infer that the strains in the first were unduly 
small. The only legitimate conclusion from such comparison 
is the one there drawn, viz., that the one in which the strains 
are least is the one most economical of material. In this 
respect, and in this only, the results of the paper are valuable, 
and we are indebted to it for having saved us the labor of 
making the comparison for ourselves. 

As a case in point bearing out our conclusion above, we may 
instance the Coblentz bridge, which, as originally constructed, 
was continuous at the crown, but pivoted at the ends of the 
centre line, as in our example, Art. 20. But, unlike that 
example, owing to the length of span being much greater, and 
the rise and depth much less in proportion, it was found advan- 
tageous to block up the ends after erection, and thus fix it at 
the ends. _ 

If Mr. Shreve’s deductions, as given in his paper, are to be 
believed, this was a very dangerous thing to do; but, as ex- 
perience has proved, greater rigidity has thereby been secured, 
and no evil effects have as yet been perceptible. It is, how- 
ever, quite possible that before thus blocking the ends, the 
effect of the end moments thus brought into play was duly con- 
sidered; and in view of the result, it would appear as if they 
really had some influence upon the character and distribution , 
of the strains. 

It would seem, therefore, that, for the present at least, the 
“strengthening” of the arches of the St. Louis bridge by hanging 
them (/) at crown and ends may be safely postponed until it 
can be satisfactorily shown in what manner, for rise of tem- 


soi - peratare, the end ptasonts mysteriously disappear, 
| 2 Wemtrioitls existing compression, due to load in upper 
whe crown and lower at ends, is exactly and entirely neutraliz 
ait Meanwhile it would seem that the St. Louis sich 


_-—s—s structed, is far superior to. ‘the same arth hinged, m 
ri nomical of material and more rigid, and sanctioned 
theory and precedent. . 
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